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Abstract

The results of three-dimensional, axisymmetric, magnetohydrodynamic simulations are presented, inves-
tigating the launching of jets and outflows from a magnetically diffusive accretion disk. The time evolution
of the disk structure is self—consistently taken into account. In contrast to previous works, spherical coor-
dinates for the numerical grid were applied. The new setup made it possible to run simulations for more
than 150,000 dynamical times on a domain extending 1500 inner disk radii with a resolution of up to 24
cells per disk height in the inner disk. This, in fact, is the longest and resolved simulation performed so
far.

A novel approach to the analysis of disk-jet system was developed and interrelations between the proper-
ties of the jet and the underlying disk were derived. Using this method, it was shown that it is the actual
disk magnetization that best describes the disk—jet evolution. The actual disk magnetization at the jet
foot point is the main parameter that governs the properties of the jet, namely all jet steady-state MHD
integrals. Depending on the disk magnetization, jet launching occurs in two different but complementary
regimes - jets driven predominantly by centrifugal or magnetic forces. These regimes differ in the ejection
efficiency concerning mass, energy, angular momentum, and all jet integrals.

The self-generation of the magnetic field by a >Q mean-field dynamo was also addressed. In this setup,
the magnetic flux is continuously generated, diffuses outwards the disk, and fills the entire disk. A mag-
netic field of the inner disk is similar to open field structure, favoring magneto-centrifugal launching. The
outer disk field is highly inclined and predominantly radial. The differential rotation induces a strong
toroidal component that plays the key role in the outflow launching. These outflows from the outer disk
are slower, denser, and less collimated. A toy—model triggering a time-dependent mean-field dynamo was
invented. The general result is that the episodic ejection and large-scale jet knots can be steered by a
time-dependent disk dynamo that regenerates the jet-launching magnetic field.



Zusammenfassung

In der vorliegenden Arbeit werden die Ergebnisse von drei-dimensionalen, achsensymmetrischen, magne-
tohydrodynamischen Simulationen vorgestellt und die Erzeugung von Jets und Ausstréomungen einer mag-
netisch diffusen Akkretionsscheibe untersucht. Hierbei wurde die zeitliche Entwicklung der Scheiben-
struktur beachtet. Im Gegensatz zu vorherigen Arbeiten wurden hier Kugelkoordinaten verwendet. Ein
neues Setup ermdglicht es Simulationen fiir einen Zeitraum von mehr als 150.000 dynamische Zeitschritte
laufen zu lassen, in einem Bereich welcher iiber 1500 mal so groBist wie der Scheibenradius. Fiir die in-
nere Scheibe betrigt die Auflésung bis zu 24 Zellen pro Scheibenhohe. Dies ist somit die zeitlich langste
als auch rdumlich hochst aufgeloste Simulation die jemals durchgefiihrt wurde.

Fiir die Analyse von Jets aus Akkretionsscheiben wurde eine neue Methode entwickelt und Zusam-
menhédnge zwischen den Eigenschaften des Jets und der zugrundeliegenden Akkretionsscheibe konnten
abgeleitet werden. Mit dieser Methode konnte gezeigt werden, dass die Scheiben-Jet-Entwicklung am
besten durch die Magnetisierung der Scheibe beschrieben werden kann. Die Magnetisierung der Scheibe
am Austrittspunkt des Jets ist der Hauptparameter der die Eigenschaften des Jets bestimmt, ndmlich alle
“steady state” MHD Integrale. In Abhingigkeit von der Scheibenmagnetisierung kann ein Jet auf zwei
verschiedene aber dennoch komplementire Weisen erzeugt werden, und entweder hauptsédchlich von Zen-
trifugalkréften oder Magnetfeldern getrieben werden. Beide Szenarien unterscheiden hinsichtliche der
Effizienz der ausgeworfenen Masse, Energie, des Drehimpulses und aller Jet Integrale.

Es wurde ebenfalls ein Dynamo mit einem selbsterzeugenden o>Q Feld untersucht. In diesem Setup wird
der magnetische Fluss kontinuierlich erzeugt, diffundiert nach auflen und fiillt schlieflich die gesamte
Scheibe. Das Magnetfeld der inneren Scheibe ist strukturell Zhnlich zu offenen Feldlinien, was fiir eine
magnetisch-zentrifugale Erzeugung spricht. Das Magnetfeld der duleren Scheibe hate eine Schrigstellung
und ist hauptsichlich radial. Differentiale Rotation induziert eine groBe torodiale Komponente, welche
die Schliisselrolle beim Erzeugen von Ausstromungen spielt. Diese ”Outflows” der duBeren Scheibe sind
langsamer, dichter und nicht sehr stark gebiindelt. Es wurde ein Modell entwickelt, welches einen Dynamo
mit einem gewohnlichen zeitabhiingigen Feld auslost. Das Hauptergebnis ist das episodische Auswiirfe
und groBraumige Jet-Knoten durch einen zeitabhingigen Scheibendynamo beeinflusst werden koénnen,
welcher das Magnetfeld fiir die Jet-Erzeugung regeneriert.
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Introduction

Astrophysical jets as highly collimated, supersonic beams of plasma and outflows of lower speed
are observed to emerge from a wide variety of astrophysical objects. Over last decades it has
become clear that the magnetic field plays a crucial role in launching, acceleration and collima-
tion of the jet and outflows. However, many fundamental questions remain outstanding such as
following. What is the main agent of jet-launching that controls this phenomenon? What kind
of disk drives what kind of jets? What is the origin of the magnetic field in outflow launching
processes?  This work addresses exactly these questions, revealing the great role of the disk
magnetization in jet-launching process.

1.1 JETS IN A NUTSHELL

Since people had started to discover Cosmos until modern times, it was believed that the cosmos
objects are perfect spheres. Continuous observations, however, showed another picture. Nev-
ertheless, many celestial bodies could be approximated by ellipsoids. In the beginning of 20th
century, very peculiar objects were discovered - that are better approximated by a stick. These
sticks, now known as jets, appear to be fast moving flows, usually collimated, that can propagate
very far from their origin. The first relativistic jet (Figure 1.1) was found by Curtis (1918). This
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2 INTRODUCTION

Figure 1.1: Hubble Space Telescope image of the jet emanating from galaxy M8&7.
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jet, emanating from the M87 galaxy, is an example of so-called AGN (active galactic nuclei) jets.
They originate from the center of galaxies - the place occupied by the black holes and propagate
far into the intergalactic media. In early 80th, the jets from young stellar objects (YSOs) were
discovered (see below). These are also stick-like structures that originate from the vicinity of
new forming stars, however, they are much slower than AGN jets and extend in space only on a
parsec scales. Later, with the advance of technologies, it became possible to probe even brown
dwarfs (BD) for the presence of the outflows. There is certain evidence that outflows from BD
really exist (Monin et al. 2013).

Observationally, AGN jets are very different from YSO or BD outflows. The light from AGN jets
is found to be highly polarized with continuous spectrum that can be approximated by multiple
power-laws. This is a direct evidence for the synchrotron radiation, that highlights the importance
of the magnetic field in launching process. In contrast, outflows from YSOs are mostly observed
in forbidden molecular lines (see below) of the shock-heated gas. Nevertheless, the presence of
the magnetic field in the molecular outflows was also established (Akeson & Carlstrom 1997;
Vlemmings et al. 2006).

Whatever mechanism is responsible for the jet formation, the great importance of the magnetic
field is well acknowledged. Moreover, one may argue that the magnetic field is the only source
that can extract the matter from a deep potential well into fast moving, collimated structures. It is
still an open question what is the jet-launching mechanism, however, there is a general, so-called
magneto-centrifugal launching mechanism, that can be, in principle, shared by all systems: AGN,
YSO, and BD. The magneto-centrifugal mechanism is the main framework used in this study
(see below). The main idea of the magneto-centrifugal launching mechanism is that a presence
of the magnetic field in the disk enhances the angular momentum transport. This happens much
faster if the magnetic field is ordered and large-scale. The outflows can be seen then simply as a
byproduct of the star formation process.

The results of this study are more applicable to outflows from YSOs since there are much more
details known about these systems rather than AGNs or BDs. In the next sections, a histor-
ical overview of molecular outflows from YSOs is presented and the general physics of the
jet-launching is discussed.

1.2 FroMm NEBULAE TO OUTFLOWS

The story of outflows from YSOs begins

from late 19th century, when Burnham (1890, 1894) observed a small emission nebula near the
T Tauri star. However, at that time, this nebula, now known as Burnham’s Nebula, was not
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Jets from Young Stars - HH1/HH2 HST - WFPC2

PRC95-24¢ - ST Scl OPO - June 6, 1995 - J. Hester (AZ State U.), NASA

Figure 1.2: Herbig-Haro objects imaged by the Hubble Space Telescope’s WFPC2. Credit J. Hester
(ASU), WFPC2 Team, NASA.
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Herbig-Haro -~ . .
. Objects .°.

Figure 1.3: A schematic picture of the stellar wind driven shock model for L1551, indicating the CO
line profiles which would be expected at different positions across the source. The HH-objects are not
necessarily located inside the shell; because of their high velocities, they may have been ejected through
the shell and into the surrounding medium. Credit Snell et al. (1980).
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recognized as a distinct class of objects. Only sixty years later, Herbig (1950, 1951, 1952) and
Haro (1952, 1953) independently showed that the emission line spectra of Burnham’s Nebula
can be attributed to a broad class of objects, later called Herbig-Haro (HH) objects. Figure 1.2
presents the Hubble images of the nebulae around a variable star (V380 Ori) in Orion Nebula,
that were studied by both authors. These objects, now known as HH1 and HH2, show strong
hydrogen recombination lines (H,, Hg) as well as a variety of atomic forbidden lines (e.g., [OI]
at A = 6300 and A = 6363, [SII] at A = 6717 and A = 4608). What is remarkable about these
objects is that they show a striking dissimilarity to the spectrum of an ordinary T Tauri star, that is
always present in the nebulae. The origin and nature of these nebulae remained a puzzle, unless
Schwartz (1975) proposed that the observed spectral lines may be excited by the shocks of the
supersonic winds that originates from the young stars. However, these winds has to be much
stronger than a typical T Tauri star can produce.

The puzzle became partly solved in early 80th. Snell et al. (1980) discovered the bipolar nature
of CO outflow in the L1551 outflow, presenting a schematic picture of the stellar wind driven
shock (Figure 1.3). Later Dopita et al. (1982) presented a model wherein the HH-objects were
produced by bipolar ejection from a T Tauri star that is surrounded by an accretion disk. Only
one year later, Mundt & Fried (1983) reported on the discovery of four jet-like structures that are
highly collimated - at least close to their stars. These observations directly indicated that most
HH-objects were not independent entities. Instead, they appear as shocks between the interstellar
medium and collimated jets originating from YSOs.

However, it was not clear yet what is the origin of molecular outflows.

1.3 From OutrLows To DISKS

The widespread occurrence of bipolar CO outflows in early 80s led to realization that outflows
are a fundamental feature of the star formation. Various physical parameters for CO outflows
have the following ranges: length D, = 0.04 — 4 pc, maximal velocity Vi = 3 — 150 km s7!,
dynamical age = 0.01 — 2 10° yr, molecular mass = 0.1 — 170 M,, outflow momentum = 0.1 —
1000 Mokms™!, kinetic energy = 10** — 10*7 erg, mechanical luminosity = 0.001 — 2600 L,
roughly 85% of CO outflows are bipolar (Fukui et al. 1993).

It became obvious that these outflows could not be driven by the radiative pressure provided by
the central star (Bally & Lada 1983). Another problem of driving jets by means of the central
object was to explain the collimation of the outflow that is present already very close to the
central star (Takano et al. 1984).

Molecular outflows were found to be more frequent in embedded sources than in visible stars,
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thus the more massive circumstellar structure is the more powerful is the outflow (Lada 1985;
Cabrit & Andre 1991).

Nowadays, there are clear evidences that YSO outflows are linked to the accretion disk around
the star (Konigl & Pudritz 2000). Standard analytical models (Ferreira & Pelletier 1993, 1995;
Ferreira 1997) also confirmed a tight relation between the accretion and the ejection. The pres-
ence of accretion disks around low, intermediate mass (Watson et al. 2007) and massive (Davies
et al. 2010) pre-main-sequence stars has been firmly established. However, not all pre-main-
sequence stars have disks. Previous studies on stellar clusters Haisch et al. (2001) showed that
the disk fraction decreases with time, indicating that a lifetime of the disks are about few million
years. Such a decline was also found in the outflow activity (Gomez et al. 1997).

Stellar jets are believed to be powered by the gravitational energy liberated during accretion, and,
in fact, such correlation was found (Cabrit et al. 1990; Li 1995). Besides the relation between
accretion and ejection activities, there is a distinct geometrical relation: jets and outflows are
typically observed to be perpendicular to the disk planes. The exact details of the accretion
disks, namely, their structure, the magnetic field distribution, instabilities and turbulence present
is the disks, are still not fully understood. Nevertheless, the theoretical models together with the
numerical experiments become more and more developed, that assures that at some point the
convergence of the theory will be met.

The theory of accretion disks and outflows bring several hot fields of research together: i) ac-
cretion disk turbulence i1) accretion-ejection processes iii) interstellar turbulence. It it believed
that accretion disks are highly turbulent, especially with the presence of the magnetic field. The
disk turbulence enhances the angular momentum transport in the disk and also can lead to the
dynamo effect, thus to the generation of the magnetic field. However, it is still not feasible to
self-consistently treat both the turbulence and large-scale dynamics of the outflow. Therefore,
the a-prescription of Shakura & Sunyaev (1973) is used for the magnetic diffusivity modeling
(Chapter 2). The accretion-ejection processes are, in fact, very important in the general theory
of star formation. As jets and outflows propagate into space, they help to sustain the interstel-
lar turbulence that otherwise would decay on much shorter timescales. How much mass can be
accreted onto the star and ejected into the space and by what means is a very important issue.

Summarizing, the observations suggest that jets and outflows are intimately connected to the
accretion disks. In the next section, the mechanism by which jets and outflows are launched
from the accretion disks is discussed.
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Figure 1.4: Sketch of the outflow launching process. The main ingredients are the star, the accretion disk,

gap between them, and the magnetic field.
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Figure 1.5: Initial state of the simulations. The mass density is shown by colors, in logarithmic scale.
The black lines mark the initial magnetic field lines.
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1.4 THE MAGNETO-CENTRIFUGAL M ECHANISM

This section discusses the general physics of the jet-launching process. It also discusses different
flavors (models) of the problem, namely X-winds and tower jets.

A typical picture of jet-launching consists of four main ingredients (Figure 1.4): the central
object, the accretion disk around it, the gap between the disk and the central object, and a certain
structure of a large-scale magnetic field imposed. Instead of the latter, a disk dynamo can be
prescribed, that in the end will self-consistently generate the magnetic field. Usually a point-
like mass of the order of a solar mass is assumed in the center and a self-similar, Keplerian,
accretion disk around. Typically, a hydrostatic corona is prescribed above the disk. Depending
on the goals, the certain structure of the magnetic field is imposed. If the main concern is the
disk-star interaction, typically dipolar field is declared to be in the centre. If the jet itself is the
main object of a study, like in this work, the innermost area is usually modeled as a sink. Note
the thick, dashed, green line in Figure 1.4. The sink conditions simply allow the matter go in,
toward the star, but not out, thus the star is out of the scope. Figure 1.5 shows the initial setup of
the non-dynamo simulation presented in this work. Note the similarity between the sketch of the
physical system (Figure 1.4) and the initial state of the simulation (Figure 1.5). In what follows,
the disk-star interaction is not considered and sink conditions are assumed.

Depending on the structure of the magnetic field that is initially imposed or kept during simula-
tions, different launching scenarios can be studied. Nevertheless, as shown in this work, all of
them can be formally understood from the magneto-centrifugal perspective.

Three main processes that can be distinguished in the jet formation are the following: 1) launching
or lifting ii) acceleration iii) collimation of the matter, however, all of them continuously flow
one into another. It is the magnetic field that makes all these processes viable. According to
the magneto-centrifugal launching scenario, the large-scale magnetic field exerts a torque on the
disk. It breaks the matter and allows a part of it to be accreted onto the central object. The excess
of the angular momentum is transported out to the disk corona by means of the magnetic field.
As it is discussed in detail in this work, it is always buoyant forces of the magnetic field in the
disk that really pushes the matter upward, since the only positive force in vertical direction is, in
fact, the thermal pressure gradient.

Starting from the disk surface, the excess of the angular momentum leads to the centrifugal force
that pushes the matter outward in radial direction. On the other hand, the magnetic pressure is
now positive in vertical direction (it changes sign at the disk surface) and plays a key role in
the acceleration of the outflow. Also, starting only from the disk surface, the radial component
of the the Lorentz force becomes negative, thus responsible for the collimation of the flow. To
summarize, the established large-scale magnetic field extracts the angular momentum (as well as
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mass and energy) from the accretion disk, accelerates and collimated the matter into the outflows.

The magneto-centrifugal launching mechanism was first proposed by Blandford & Payne (1982);
Pudritz & Norman (1983) and later studied by many authors (see below). However, certain
flavors of the launching mechanism exist. One of them is so-called X-wind model that was
proposed by Shu & Shang (1997). According to this model, the inner disk region is of a main
interest. This is the region in which the star and the disk magnetic field meet together in a
rather small area. The star and disk dynamics leads to a specific X-like structure of the magnetic
field and fast moving X-winds (see Figure 1.6). However, if the dynamics of the disk-star is
not considered, and the inner area is modeled as a sink, the disk-jet dynamics can be nicely
understood under the magneto-centrifugal framework. The X-region is, basically, the region
where the magnetic field is much stronger than in the rest of the disk. Chapter 4 and Chapter 5
explore the structures in which the inner magnetic field is much stronger than the rest disk. It
comes naturally under certain conditions in the accretion disk, namely, when the disk is subject
to the strong accretion instability.

Another launching mechanism, so-called tower jets, was proposed by Lynden-Bell & Boily
(1994); Lovelace et al. (1995). In this scenario, there is a magnetic loop-like structure present
in the disk and the strong toroidal field is constantly amplified from it by the differential in the
disk. This results in the development of a strong magnetic pressure, that further accelerates the
outflow in the vertical direction, building up a, so-called, tower jet. Again, this can be understood
in terms of the magneto-centrifugal mechanism. The difference here is that it is the magnetic,
but not the centrifugal forces that drive, accelerate outflows. As can be seen in Chapter 4 and
Chapter 5, if the poloidal field that penetrates the disk is weak, the outflows are predominantly
driven by the magnetic pressure gradient. In Chapter 6, tower jets are discussed as a result of
dynamo generated magnetic field.

To summarize, the jet-launching mechanism can be described under the magneto-centrifugal
framework, that is used throughout this work.

1.5 AIMS AND MOTIVATION

So far, the general mechanism of jet launching from magnetized disks has been studied by a
number of authors. However, due to the complexity of the problem, the combined action of the
various processes engaged could not be easily disentangled. Another problem arises if only a
short-term evolution of the system is considered, as the initial evolution is mainly governed by
the initial conditions.

One of the major aims of this thesis is to find what is the main agent that governs jet-launching
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process. For this purpose a very robust setup for jet-launching is provided. It can be evolved
up to, previously unimaginable timescales with a high resolution. Using this setup, the subtle
analysis of the actual disk variables was developed. It allowed to disentangle two physically
different processes in the disk: advection and diffusion of the magnetic flux, and find the main
physical quantity that governs the disk—jet evolution.

The jet launching and collimation problem is usually addressed numerically applying a large-
scale initial poloidal magnetic field. This holds in particular for simulations in which only the
acceleration and collimation processes are studied, assuming the underlying disk as a boundary
condition (Ustyugova et al. 1995; Ouyed & Pudritz 1997; Krasnopolsky et al. 1999; Fendt &
Cemeljié 2002; Fendt 2006; Pudritz et al. 2006; Fendt 2009; Vaidya et al. 2009; Porth & Fendt
2010).

Also simulations treating the launching mechanism, i.e. simulations of the accretion-ejection
process, that include the time evolution of the disk dynamics, so far have assumed a global large-
scale magnetic field as initial condition (Shibata & Uchida 1985; Casse & Keppens 2002, 2004;
Meliani et al. 2006; Zanni et al. 2007; Tzeferacos et al. 2009; Murphy et al. 2010; Sheikhnezami
et al. 2012; Fendt & Sheikhnezami 2013).

These studies are also aimed to understand the interconnection between the jet and underlying
disk properties. Unfortunately, the numerical studies remained rather fragmented, studying only
a small subset of the highly dimensional problem of the jet launching. To determine the inter-
relation between the jet and the underlying disk is one of the main objectives of this research.
One of the major questions this study addresses can be simply stated: what kind of disks drive
what kind of jets? The current setup, used throughout this work, allows to probe both the disk
and the jet in a very broad parameter space, providing valuable dependencies between disk and
jet properties.

As was mentioned above, there is a set of studies that uses the initially imposed magnetic field.
However, it is still an open issue what is the exact structure and the strength of the magnetic
field in the accretion disks, and where it comes from. Besides a central stellar magnetic field or
advection of magnetic field from the ambient medium, a turbulent dynamo can be a major source
of the disk magnetic field (Pudritz 1981b,a; Brandenburg et al. 1995). In order to study the disk
dynamo in the context of outflow launching, only a few numerical experiments were performed
in which the magnetic field was generated ab initio (Bardou et al. 2001; von Rekowski et al.
2003; von Rekowski & Brandenburg 2004). These authors were first to show how accretion
disks start producing the outflows when the magnetic field is amplified by the dynamo to about
its equipartition value.

A further motivation for considering a disk dynamo for jet launching is the time-dependent ejec-
tion of the jet material. For protostellar jets the typical timescale for ejection, derived from the
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observed knot separation and jet velocity, are in the range of 10-100 years. The typical timescale
of the jet launching area is, however, about 10-20 days, that is the Keplerian period of the inner
disk. A time-variable dynamo can be responsible for changing the jet launching conditions on
longer timescales.

Therefore, another objective of this thesis is to understand the origin of the magnetic field and
the structural and temporal features the magnetic field possesses. The temporal variations of the
dynamo can, in fact, lead to regeneration and reestablishing of the magnetic field in the disk and
thus the outflow launched.

1.6 THESIS OUTLINE

This research investigates the interrelation between jet and underlying accretion disk and the
generation of the disk magnetic field by the disk dynamo.

CHapTER 2 presents the basic equations used in this work. These are equations of resistive
magnetohydrodynamics adapted for studying the dynamo related problem. The induction equa-
tion is modified to address the dynamo problem under the @€2-dynamo framework. This chapter
discusses the subtlety of the large-scale modeling of turbulence. Finally, the jet integrals — the
conserved quantities along the jet — are provided.

CHarTER 3 describes the numerical approach used in this work to address the jet launching
problem. First, the initial and boundary conditions are discussed, stressing the difference between
the dynamo and non-dynamo simulations. Units and normalization are given in this chapter,
that allows to scale the simulations onto the astrophysical objects. The chapter closes with the
comments on the code that was used for all simulations performed in this work.

CHarTER 4 presents the so-called reference simulation of the disk-jet system. Using this high
resolution setup, a very long evolution of the system has been studied and valuable results ob-
tained. Among them, a crucial role of the disk magnetization has been disclosed, two main
processes in the disk, namely, diffusion and advection, has been disentangled, and two differ-
ent regimes of jet launching have been distinguished. This chapter follows from a publication
Stepanovs & Fendt (2014a).
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CHAPTER 5 investigates what kind of jets are launched by what kind of disks. This chapter
further studies the great importance of the disk magnetization, moving from the disk to the jet
space. A striking interrelation between the jet properties, in terms of the jet integrals, and the
degree of the underlying disk magnetization has been firmly established. This chapter also dis-
cusses how from the jet observables the magnetization of the underlying disk can be inferred.
The corresponding example is also provided. This chapter follows from a paper submitted to the
Astrophysical Journal Stepanovs & Fendt (2014b).

CHAPTER 6 presents simulations of the disk-jet system in which the magnetic field is generated
by the disk dynamo. It begins from exploring the dynamo setup and its difference from a non-
dynamo one. Later, a toy-model that is aimed to model the episodic jet events, known as knots, is
introduced. The main objective of this chapter is to explore the structure of the generated by the
dynamo magnetic field. This chapter follows from the paper, accepted to publication Stepanovs
et al. (2014).

CHapTER 7 summarizes the final results of the thesis and provides an outlook to the future
research.






Theoretical Background

This chapter describes the basic theoretical insights to the physical phenomena studied in this
work. It begins with the equations of magnetohydrodynamics, that are used throughout the work
(Section 1). The approach to model a turbulent diffusivity in large scale simulations is reviewed
in Section 2. The induction equation examined in Section 3, where its adaptation for treating the
dynamo problem is discussed. Finally, the steady state, axisymmetric MHD theory is discussed
in the context of jet integrals (Section 4).

2.1 MHD EqQuaTtiONs

In current work, the time-dependent, resistive MHD equations are solved on a spherical grid
(R,0®). (r,z) are referred as cylindrical coordinates. The dynamics of a magnetized fluid is
governed by the mass conservation,

0
P yv.v) =0, Q.1
ot
with the plasma density p and flow velocity V, the momentum conservation,
opV

—+ V.

Vo, =0 2.2

B-B
pVV+(P+T)I—BB
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with the thermal pressure P and the magnetic field B. The central object of point mass M has a
gravitational potential ®, = —G M/R. Note that equations are written in non-dimensional form,
and, as usual, the factor 47 is neglected. The polytropic equation of state is applied, P o p?, with
the polytropic index y = 5/3.

The conservation of energy,

0
_e+V.

ot 2

B-B =
(e+P+ —)V— (V-B)B +1nJ XB| = —=Acol, (2.3)

with the total energy density,

P pV-V B-B
= d,, 24
e y—1+ 3 + 5 + p@, 2.4)

given by the sum of thermal, kinetic, magnetic, and gravitational energy, respectively. The elec-
tric current density is denoted by J = V X B. As shown by Tzeferacos et al. (2013), cooling may
indeed play a role for jet launching, influencing both jet density and velocity. For the sake of
simplicity, the cooling term is set equal to Ohmic heating, A.y = —ﬁ] - J. Thus, all generated
heat is instantly radiated away.

The evolution of the magnetic field is governed by the induction equation,

%—If =Vx(VxB-7]), (2.5)

where the tensor ﬁ is the magnetic diffusivity.

The system of MHD equations is closed by the solenoidal condition for the magnetic field
V-B=0. (2.6)
The above mentioned induction equation (Equation 2.5) is used for the non-dynamo simulations.

In order to properly treat the generation of the magnetic field by a dynamo, the induction equation
has be be accordingly modified. This will be discussed later in this chapter.

2.2 MOoDELING TURBULENCE

Accretion disks are considered to be highly turbulent for any degree of the disk magnetization.
The source of the turbulence is still debated, however, a great variety of unstable modes in mag-
netized accretion disks exists (Keppens et al. 2002). In the case of moderately magnetized disks,
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the main candidate is the magneto-rotational instability (MRI; Balbus & Hawley 1991; Fromang
2013). Highly magnetized disks are subject to the Parker instability (Gressel 2010; Johansen &
Levin 2008) and the trans-slow Alfvén continuum modes (Goedbloed et al. 2004).

Although, each year brings us closer in understanding of the turbulence, we are still far from the
final theory. In principle, there are two approaches to treat the turbulence related problems. First,
the small-scale simulations address the turbulence itself. For example, shearing box simulations
of the accretion disks tries to address the issues of the angular momentum transport, or effective
(turbulent) diffusivity as well as viscosity coefficients. Second, the large-scale simulations take
the parameters of turbulence for granted. This approach allows studying astrophysical phenom-
ena as a whole. The small-scale turbulence is not considered, though the large-scale effects are
modeled by the effective coefficients of the diffusivity and dynamo. The simulations of this work
belong to this category.

The puzzling question is the following: what is the effective diffusivity and viscosity the disk
turbulence provides, and how can these effects be properly implemented under the mean field
approach?

Though, extrapolating the results from a self-consistent, local treatment of turbulence to the
mean field approach is not straightforward. In the local treatment, for example, the extraction of
angular momentum is due to both turbulence — operating on small scales — and torques by the
mean magnetic field on large scales. Thus, the removal of angular momentum goes hand in hand
with destroying the turbulent magnetic field or the effective magnetic diffusivity. In case of the
mean field approach, there is no small-scale turbulence and, thus, no angular momentum removal
by local turbulent motions. Here, the diffusivity plays only a role for leveling the magnetic field
gradient, thus setting the overall structure of the magnetic field. Unfortunately, we lack complete
knowledge of the disk turbulence, thus the connection between the mean magnetic field and
the fluctuating part, or, in other words, the relation between the mean magnetic field and the
effective torques, and the diffusivity and viscosity that turbulence provides. When moving from
a local turbulence approach to the mean field approach, the relevance of the model should be
approved by the relevance of the magnetic field distribution itself, and not by the diffusivity
model. However, one should keep in mind that the magnetic field strength and structure of real
accretion disks are also not known. Therefore, when considering any simulation results, the
diffusivity model applied should always be taken into account.

When the dynamo is included in the simulations, the picture becomes even more complicated.
Now, the magnetic field can be amplified not only by the motion of the plasma, but also by a
dynamo.
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2.3 MEgeaN-FiELD INpUCTION EQUATION

The dynamo mechanism provides a means of converting kinetic energy into magnetic energy.
In astrophysical context, by a dynamo one usually consider the generation of the magnetic field
from a turbulent media. Turbulent dynamos have to be tackled via direct numerical simulations
or by stochastic methods (Brandenburg & Subramanian 2005; Brandenburg et al. 2012).

However, large-scale dynamos can be treated if small-scale turbulence is averaged out. Parker
(1955) was first who proposed the idea to incorporate the dynamo-eftfect by adding an extra term
aB into the induction equation. Later the rigorous theory for the a-effect was developed by
Krause & Ridler (1980). In the mean field theory one solves the Reynolds averaged equations,
decomposing the velocity and magnetic fields into their mean and fluctuating parts,

V=V+vy B =B +b, (2.7)

where V and B are the mean velocity and magnetic fields, while v and b are their fluctuating
parts. Substituting Equation 2.7 into the induction equation and averaging it yields the mean
field induction equation,

B o
%—t:Vx(VxB+8—ﬁJ), (2.8)
where
E=vxb (2.9)

is the mean electromotive force (EMF). In isotropic turbulence & = 0, however, in the presence
of rotation and stratification & can be finite (Krause & Ridler 1980).

In particular, mean field theory suggests that EMF has a components parallel to the magnetic
field and currents

E=arB-n1l, (2.10)
where subscript T reminds of the turbulent nature of the physical quantities.

Substitution of Equation 2.10 into the mean field induction equation (Equation 2.8) yields

0B = =
n = VX (VXB + agnB - 1)), (2.11)
where the tensor Edyn describes the a-effect of the mean-field dynamo, and the tensor ﬁ the

magnetic diffusivity and both are of a turbulent nature.
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There are, however, other non-linear processes that can, in principle, be incorporated into the
model of the diffusivity and dynamo-effect. It is believed that when the magnetic field becomes
sufficiently strong, the MRI modes become suppressed (Fromang 2013). On the other hand, a
strong magnetic field may become buoyant, leading to the Parker instability. While the MRI is
confined within the disk, the Parker instability operates closer to the surface of the disk where
the toroidal magnetic field is stronger.

2.4 TuaE MAaGNETIC DI1rrusiviTty MODEL

As mentioned above, a self-consistent study of the origin of the turbulence is beyond the scope of
this study. Therefore, the a-prescription (Shakura & Sunyaev 1973) for the magnetic diffusivity
is applied, implicitly assuming that the diffusivity has a turbulent origin. The diffusivity profile
can be extended up to one disk height above the disk surface (Figure 3.1).

In this study, the diffusivity tensor is composed by diagonal non-zero components,

Mgy = 1P TIRR = Too = 1T (2.12)

where np denote the poloidal magnetic diffusivity, and ny the toroidal magnetic diffusivity, re-
spectively !.

In this work, different diffusivity models are examined, nevertheless, all of them can be repre-
sented in a following form,

ne = a’ssm(,u)cs “H - FU(Z), (2.13)
where the vertical profile of the diffusivity is described by a function

_ z<H
Fy@) = { exp(-2(52)%) z> H,

confining the diffusivity to the disk region.

Although this parameterization of diffusivity is commonly used (except the profile function
F,(z)), there are no clear constraints upon the value o, may take. As an example, King et al.
(2007) discuss a magnitude of the turbulent a-parameter derived from observations and simula-
tions, indicating observational values @, =~ 0.1..0.4. Numerical models with zero net magnetic

! Note that the notation of toroidal and poloidal diffusivity follows the actual use in axisymmetric jet formation
simulations. A more general notation, applicable also in three dimensions, would be that of azimuthal and meridional
diffusivity
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field usually provide low numerical values @y, =~ 0.01, reaching at most @, =~ 0.03 (Stone
et al. 1996; Beckwith et al. 2011; Simon et al. 2012; Parkin & Bicknell 2013). On the other
hand, numerical modeling of the MRI applying a non-zero net magnetic field (Bai & Stone
2013) indicates substantially higher values, o, =~ 0.08 — 1.0, with a corresponding magnetiza-
tion u = 1074, 1072

Obviously, different functions of a,(u) will lead to different evolution. First, the well-known
model for magnetic diffusivity used by many authors previously (Casse & Keppens 2004; Zanni
et al. 2007; Sheikhnezami et al. 2012) is applied,

np = anVa-H-Fy(2) (2.14)

by setting @gm = @n \/2_ , where V, = Bp/+/p is the Alfvén speed, and u, C, and H are the
magnetization, the adiabatic sound speed and the local disk height, respectively, measured at the
disk midplane. C, and @y, are evolved in time, but for the sake of simplicity, H ad F,(z) are
kept constant in time, thus equal to the initial distribution. In Chapter 4, the revised model of the
diffusivity — strong model — is examined, with ayq, o u*>. However, as the dynamo simulations
start from zero poloidal magnetic field, the diffusivity model has to be revised. In the case of
dynamo simulations, the disk magnetization is estimated not only from the poloidal magnetic
field component, but from the mean magnetic field in the entire disk.

In general, all components of the diffusivity tensor can be different from zero. In order to sim-
plify the problem, it is common to set all non-diagonal components to zero. On the other hand,
diagonal components can be different. As discussed later in Chapter 4, the anisotropy parameter
X = nr/np 1s prescribed to model anisotropy of the diffusivity in poloidal and toroidal directions.

It will be shown in Section 4, that there is not only upper limit for the anisotropy parameter,
but also the lower limit. The anisotropy parameter is set to y = 0.5 for both non-dynamo and
dynamo simulations.

2.5 JET INTEGRALS

The ability to express conserved quantities of the dynamical system not only simplifies the solu-
tion process, but brings a deeper understanding in the studied phenomenon. Astrophysical jets
are not an exception. In axisymmetric, stationary, ideal MHD there are four conserved quantities
along the jet or, more specifically, the magnetic flux surface ¥ = f §p - dA. The conservation of
the mass, results in the first conserved quantity, namely the mass load per flux surface

pVp

K(P) = B (2.15)
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The so-called angular velocity of the field lines follows from the poloidal component of the
induction equation

Q)= —-—, (2.16)

Conservation of the angular momentum leads to the conservation of the specific angular momen-
tum along the flux surface,
rB¢
L(\P):LV'FLB :}’ng—? (217)
Finally, the conservation of the specific energy follows from the conservation of the energy along
the flux surface,

Vi+ Vi

EMY) = + Oy +h+ (L—-1Vy)Qr (2.18)

There are two more derived integrals that are commonly used, namely

J¥)=E - QgL, (2.19)
that contains only mechanical quantities and the maximum jet speed

Vi = \/ﬁ’ (2.20)
that may serve as an estimate for the maximum energy of jet propagation.

One should however keep in mind that these integrals are conserved starting only from the disk
corona, where the magnetic diffusivity is negligible. Nevertheless, it is possible to predict the jet
integrals by knowing what happens in the disk. In Chapter 5 the deep interrelation between the
jet, namely the above-mentioned jet integrals, and the underlying disk magnetization is estab-
lished.






Numerical approach

This chapter describes the numerical approach to the jet launching problem. First, the initial and
boundary conditions are discussed. Though, the numerical setup for dynamo and non-dynamo
simulations is rather similar, the differences between these setups are particularly stressed. The
corresponding units and normalization, that allow to scale the simulations for astrophysical ap-
plication, are also provided. Finally, the details of the code and its specification used for all the
simulations are provided.

3.1 InitiAL CONDITIONS

The initial conditions follow from a standard setup, which has been applied in a number of
previous publications (Zanni et al. 2007; Sheikhnezami et al. 2012; Fendt & Sheikhnezami 2013).
The initial structure of the accretion disk is calculated as the solution of the steady state force
equilibrium,

1
VP +pV®,—J XB - EpVg(eR sin @ + ey cos 6) = 0. (3.1)
25
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This equation is solved assuming radial self-similarity, i.e., assuming that all physical quantities
X scale as a product of a power law in R with some function F(6),

X = X,REXF(0). (3.2)

Self-similarity requires in particular that the sound speed and the Alfvén speed scales as the
Keplerian velocity, Vk o r~!/2, along the disk midplane. As a consequence, the power—law
coeflicients By are determined as follows, By, = —=1/2,8p = =5/2,8, = —=3/2, and Bg, = Bp, =

Bs, = —=5/4.

An essential non-dimensional parameter governing the initial disk structure is the ratio € between
the isothermal sound speed CI = /P/p and the Keplerian velocity Vx = VGM]r, evaluated at
the disk midplane, € = [CZ/ VK] b This quantity determines the disk thermal scale height
Hry = er. It is generally initially assumed a thin disk with € = 0.1. Note that for the remainder
of the thesis, when discussing the dynamical properties of disk and outflow, the adiabatic sound
speed Cs; = /yP/p is considered. The geometrical disk height, namely the region where the den-
sity and rotation significantly decrease, is about 2¢ (see Figure 3.1). Therefore the geometrical
disk height is defined as H = 2er.

Following Zanni et al. (2007), the simulation is initialized only with a poloidal magnetic field,
defined via the vector potential B = V X Ae,, with

4
A= §Bp,0r_1/4

m5/4

_ 3.3
(m? + ctg?0)>/8 (3-3)

The parameter B,, = e\/% determines the strength of the initial magnetic field, while the
parameter m determines the degree of bending of the magnetic field lines. For m — oo, the
magnetic field is purely vertical. As will be shown below, the long-term evolution of the disk—jet
structure is insensitive to this parameter, since, due to advection and diffusion processes and the
jet outflow, the magnetic field structure changes substantially over time. Therefore, in general,
the bending parameter m = 0.5 .

The strength of the magnetic field is governed by the magnetization parameter

By
M= o5t (3.4)
the ratio between the poloidal magnetic field pressure and the thermal pressure, evaluated at the
midplane, and is set to be constant with radius. As will be shown in Chapter 4, the magnetic
field distribution substantially changes over time, while the disk—jet dynamics is governed by the

actual disk magnetization. Typically, the initial magnetization is yy ~ 0.01 in this simulations.
Outside the disk, the gas and pressure distribution is defined as hydrostatic ”corona,”

Peor = PeoroRHT, P, = “Llpmr’o RO, (3.5)
Y



InrriaL CONDITIONS 27
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Figure 3.1: Initial vertical profiles of the disk quantities: density (black, blue shaded), rotational velocity
(blue), and magnetic diffusivity F;, (green). The magnetic diffusivity profile is set constant in time.
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Figure 3.2: Accretion velocity profile along the disk midplane at 7 = 1000 and 7 = 10000 for the cases
of zero and non-zero initial radial velocity.



InrriaL CONDITIONS 29

where peoro = Spaisk(R = 1,0 = w/2) with 6 = 1073,

Although it is common to define the initial accretion velocity, balancing the imposed diffusivity
Vr = 1Jy/ By, it is not necessary for the chosen set of parameters. It can even disturb the initial
evolution of the disk accretion. Accretion requires corresponding torques to be sustained and
since there is no initial poloidal current defined, B, = 0 (which takes time to build up from a
weak poloidal field), a non-zero initial velocity will only lead to extra oscillations. Figure 3.2
illustrates this issue, showing two identical simulations with zero and non-zero accretion velocity.
The origin of the oscillations for both cases is the inner boundary. The first wave of accretion
is somehow bounced outward by the inner boundary and results in an oscillatory pattern. That
the bouncing at the inner disk boundary is most likely caused by small inconsistencies between
the boundary conditions and the intrinsic disk physics, a problem that may be present in other
studies. Although they both result in the same final profile (a steady state has been reached only
for small disk radii), the simulations with zero velocity profiles show fewer oscillations.

3.1.1 InrmiaL Conpitions: DYNAMO CASE

Here the initial conditions in case of the dynamo simulations are briefly discussed. All dynamo
simulations performed start from a very weak initial magnetization uj,; = 107. Therefore the
initial structure of the accretion disk can be obtained as the solution to the steady-state force
equilibrium equation (Equation 3.1), neglecting the contribution by the Lorentz force (u = 0).

Assuming a self-similar disk structure this equation can be solved analytically.

All the simulations are initialized with a purely radial magnetic field, confined within the disk
and defined via the vector potential B=Vx Aéy, and

A= Byor e s, (3.6)

The parameter B,y = em denotes the strength of the initial magnetic field, while € = 0.1
is ratio of isothermal sound' to Keplerian speed. Although this magnetic field distribution may
be considered as somewhat artificial, it provides a smooth evolution during the initial phase.
Simulations starting from a purely toroidal magnetic field as the initial condition showed very
similar results.

In contrast, purely vertical magnetic field would generate strong currents at the disk surface
region because of the strong initial shear between the rotating disk and the non-rotating corona.
This would greatly impact the initial evolution of the accretion-ejection structure. As long as the

'Note however, that the adiabatic equation of state is used
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Figure 3.3: Illustration of the boundary conditions. Along the inner and outer radial boundaries, two zones
— the corona and the disk region — are distinguished. Arrows represent the magnetic field distribution along
the inner boundary, which is preserved by the boundary condition.

initial magnetization u;,;; is low, it does not play a substantial role for the initial disk evolution.
This is the result of the exponential evolution of the magnetic field amplification by the dynamo.

3.2 Bounpary CONDITIONS

The standard symmetry conditions along the rotational axis and the equatorial plane has been
applied. Along the radial boundaries of the domain, two different areas are distinguished. That
is (1) a disk boundary for 6 > 7 — 2¢,% and (2) a coronal boundary for 6 < 5 — 2¢, and consider
different conditions along them (see Figure 3.3).

Along the inner radial boundary for all simulations, a constant slope for the poloidal component

ZNote, 2¢ ~ arctg(2¢)
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Table 3.1: Inner and Outer Boundary Conditions.

P P VR Vg V¢ BR BH B¢
Inner disk ~r32 R L2 <00 0 ~7r 12 Slope Slope  ~r!
Inner corona ~ 32 ~r>2 02cos(p) 0.2sin(p) ~r'/2  Slope Slope 0

Outer disk ~ 132 <~ y32 QOutflow, <0 Outflow  Outflow divB =0 Outflow ~ r~
Outer corona ~ /2 ~>/2 OQutflow, >0 Outflow Outflow divB =0 Outflow ~ r~
Axis Sym Sym Sym Anti Anti Sym Anti Anti
Equator Sym Sym Sym Anti Sym Anti Sym Anti

1
1

Note. Outflow is the zero gradient condition and the constant slope conditions are marked by
”slope”. Symmetric and anti-symmetric boundary conditions are marked by "Sym” and ”Anti”,
respectively

of the magnetic field

oy —1
6—45 ) (3.7)

=70°(1+ -
) ( exp( 150

was imposed, where ¢ is the angle with respect to the unit vector egz. The magnetic field direction
is axial near the axis, 8 = 0, while at the inner disk radius the inclination is 70° with respect to
the disk surface. A smooth variation of the magnetic field direction is prescribed along the inner
radial boundary. This is in concordance with Pelletier & Pudritz (1992), who showed that for a
warm plasma the maximum angle with respect to the disk surface necessary to launch outflows
is about 70°, and slightly larger than for a cold plasma (Blandford & Payne 1982).

The method of constraint transport requires the definition of only a tangential component, thus
to prescribe By along the innermost boundary, while the normal component Bg follows from
solving V- B = 0. In order to implement the prescription of a constant magnetic field angle,
V- B = 0 is solved, taking into account the ratio of the cell-centered magnetic field components
By/Br = —tan(y). The integration is started from the axis (8 = 0), where B, = 0. Thus, by fixing
the slope of the magnetic lines, the magnetic field strength is allowed to vary.

Along the inner coronal boundary, a weak inflow into the domain with Vp = 0.2 is prescribed.
This is applied to stabilize the inner coronal region between the rotational axis and the disk jet,
since the interaction between the current carrying, magnetized jet and zero-B, coronal region
may lead to some extra acceleration of the coronal gas. As shown by Meliani et al. (2006) the
pressure of such an inflow (e.g., a stellar wind) may influence the collimation of the jet, changing
the shape of the innermost magnetic field lines.
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In order to keep the influence of the dynamical pressure of the inflow similar during the whole
evaluation (and also for different simulations), the density of this inflow is set with respect to
the disk density at the inner disk radius. The density of the inflow corresponds to a hydrostatic
COTONA Pinfi = Peor = Pdisk|midplanc(f) - 0, where 6 = 1073. The inflow direction is aligned with the
magnetic field direction. By choosing a denser inflow the time step of the simulations is also
increased by approximately three times, as the Alfvén speed in the coronal region lowers.

By varying the slope of the magnetic field ¢ along this inner corona in the range of 60-80 deg,
it showed that it only slightly affects the slope of the innermost magnetic field lines. The global
structure of the magnetic field is instead mainly governed by the diffusivity model. Since the
inner boundary by design models the magnetic barrier of the star, a rather steep slope was chosen
in order to avoid the disk magnetic flux entering the coronal region.

Across the inner disk boundary (that is the accretion boundary), density and pressure are both
extrapolated by power laws, applying pR™*> = const and PR™'> = const, respectively. Both
the toroidal magnetic field as well as the toroidal velocity components are set to vanish at the
inner coronal boundary, By = 0, V, = 0. For the inner disk boundary, the condition By ~ 1/r
(Jg = 0) are applied, and the radial and the toroidal velocities are extrapolated by power laws,
VrR™'% = const, and V4R™'/* = const, respectively, while Vj = 0.

For the inner disk boundary, only negative radial velocities are allowed, making the boundary to
behave as a “’sink,” thus absorbing all material that is delivered by the accretion disk at the inner
disk radius.

As the application of spherical coordinates provides an opportunity to use a much larger sim-
ulation domain compared to cylindrical coordinates, the outer boundary conditions have little
influence on the evolution of the jet launched from the very inner disk. Therefore p and P are
extrapolated with the initial power laws and apply the standard PLUTO outflow conditions for
Vr, Vo, and V; at the outer boundary, thus, zero gradient conditions. B, ~ 1/r (Jy = 0) are further
required for the toroidal magnetic field component, while a simple outflow condition is set for
By. Again, Bg is obtained from the V- B = 0.

For the radial velocity component, the coronal region, where positive velocities Vx > 0 are
required, is distinguished from the disk region, where negative velocities Vi < 0 are enforced.

As the application of a spherical geometry is new in this context, the boundary conditions are
summarized in the Table 3.1.
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3.2.1 Bounpary Conbitions: DyNaMo CASE

In this subsection, the boundary conditions in case of the dynamo simulations are briefly dis-
cussed.

In case of the dynamo simulations, the only change is made for the coronal region of the inner
boundary. Here, the magnetic flux is not allowed to penetrate the inner coronal region, thus not
only By = 0, but also Bg = 0. Since the magnetic field vanishes in that area, a purely radial profile
of the inflow into the corona is prescribed (in contrast to an inflow aligned to the magnetic field
considered previously), keeping the same inflow velocity Vz = 0.2.

Since the magnetic field is suppressed in the inner coronal region, the shear in the area between
the coronal region and the disk boundary can develop strong electric currents. This makes the
region between the axis and the jet subject to small-scale perturbations, especially in the runs
with high resolution. On the other hand, the jet launching area of the inner disk always shows a
smooth, stable, and non-fluctuating evolution.

3.3 NUMERICAL GRID AND NORMALIZATION

No physical scales are introduced in the equations above. The results of the simulations will be
presented in non-dimensional units. All variables, namely P, p, V, and B, are normalized to their
values at the inner disk radius Ry. Lengths are given in units of Ry, corresponding to the inner
disk radius. Velocities are given in units of Vi, corresponding to the Keplerian speed at Ry.
Thus, 22T corresponds to one revolution at the inner disk radius. Densities are given in units of
Po, corresponding to Ry. Pressure is measured in Py = €2py Vg.

Thus the scale-free simulations may apply to a variety of jet sources. In the following, the
physical scaling concerning three different object classes — brown dwarfs (BDs), YSOs, and
AGNSs is provided. In order to properly scale the simulations, the following masses for the
central object are varied, M = 0.05M, (BD; Whelan et al. 2011), M = 1M, (YSO; Ray et al.
2007), M = 103M, (AGN,Kormendy & Richstone 1995). The typical scales for the inner disk
radius are

Ry = 0.1AU (YSO)

= 0.01AU (BD)

Ro M

= 20AU (TRS) (M) (AGN), (3.8)
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Table 3.2: Typical Parameter Scales for Different Sources. Simulation results will be given in code units
and can be scaled for astrophysical application.

YSOs BDs AGNs Unit
Ry 0.1 0.01 20 AU
M, 1 0.05 108 M,
po 10710 10713 10712 gem™
Vo 94 66 6.7 x10*  kms™!
By 15 0.5 1000 G
T, 1.7 0.25 0.5 days
M, 3x107 2x 10719 10 M, yr!

Jo 3.0x10% 1.5x10° 3x10"  dynecm
E, 19x10% 6.7x10%® 26x10*% ergs™!

where Ry = 2GM/c? is the Schwarzschild radius of the central black hole. For consistency with
the non-relativistic approach, Ry > 10Rgs is required, implying that highly relativistic outflows
cannot be properly treated. In the case of YSOs, the choice of R is supported by the observations
(Pinte et al. 2008), however the inner structure of the BDs and AGNss is still under debate.

The Keplerian speed at the inner disk radius is normalized by,

Vko

M2 Ry \~2
Akms™! [ ( ) Y
94kms (M@) 01AT (YSO)

Mo\ R
0.05M, 0.01AU

~12
66kms"! ( ) (BD)

-1/2
6.7><104kms1( 0) (AGN) (3.9)

10Rs

the time unit which is expressed in units of 7y = Ry/Vko,

12 32
M Ro
To = 17 el Y
0 days (MQ) (O.IAU) (YS0)

3/2
Ro ] ®p

1/2
0.244d (
e (0.0SM@) 0.01AU

R 3/2
0.5d 0 AGN 3.10
ayS(IORS) ( ) (3.10)
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The mass accretion rate is a parameter which is, in principle, accessible by observation. Thus,
the normalization of density p, can be chosen by setting suitable accretion rates M, = Répo Vxko.
Assuming Assuming M. ~ 107 Mg yr~' (YSO) My = 1072 My yr™! (BD) Myee =~ 10 My yr™!
(AGN) and taking into account that the typical accretion rates the simulations provide are of the
order of M,.. ~ 0.01 (in code units), one gets

. M\ Ry VP
My = 3x10° Moy [R5 (o) YSO
° ot [10—10§ M,) \0.1AU (YS0)

M V2R 32
2 % 1071OM, yr! [ —L2 ( 0 ) BD
o ¥t (10—13% oosm,) \ooiau) BP

cm

1/2 3/2
_ p() M RO
10M ! AGN 11
OMoyr (10—12—C§13)(108M@) (IORS) (AGN) (3.11)

The torques and powers are given in units of Jy = R3poVy, and Ey = R3poV}, respectively:

, M Ry \’
J, = 3.0x10%d PO —( 0 ) YSO
° <A0Tdyeem| 550 g, \oran) 059

2
= 1.5x10*°dynecm il ( M )( Ro ) (BD)

1052 )10.05M, ) \0.01AU

M V([ R, \
= 12x10°d Po 0 AGN 3.12
yeem| oot 1o ) \10rs) AN 612

. M\ Ry 2
Eo = 19x10%ergs | A0 | (7] (573g) YSO
° “8 oz J\m,) \01aU (YSO)
M 3/2 R 1/2
= 67 x 10%ergs™ |22 (50155) BD
“&* 105 )\0.0sm,) \oo1AU (BB
2 1/2
M V(R
= 2.6 10%ergs™ | —£2 0 AGN
788 0= )\ 10°m,) \Tors (AGN)

(3.13)
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The magnetic field is normalized to its midplane values By = +/8mPyu,

o~
S
Il

1/2 1/2 -1/2
) () ()
15G(O.l) 0.1 10‘10% Mg 0.1AU (YS0)

12 1/2 M 1/2 R -1/2
0.5G(i) (i) Po ( 0 ) (BD)
01/ \oa/\10"= ) \oosm,) \0.01AU

12/ ¢ 00 172 M 1/2 Ry -1/2
1XKG —) (—) AGN
1) (G (10—12$) 10°M, IORS) (AGN)

(3.14)

Table 3.2 summarizes the typical scales for leading physical variables.

Numerical grid was chosen to have equidistant spacing in the 6 direction, but stretched cell
sizes in the radial direction, considering AR = RA6#. The computational domain of a size R =
[1,1500R], 0 = [0, /2] is discretized with (Ng X NVy) grid cells. A general resolution of Ny = 128
is used. In order to cover a factor 1500 in radius, Ng = 600 is applied. This gives a resolution of
16 cells per disk height (2¢) in the general case. However, a resolution study was also performed,
applying a resolution two times as high (or low), thus using 256 x 1200 (or 64 x 300) cells for
the whole domain, or 35 (9) cells per disk height.

3.4 NumericaL Cope PLUTO

All numerical calculations performed in this work are carried out with astrophysical code PLUTO
(Mignone et al. 2007), version 4.0, PLUTO is a finite-volume/finite-difference, shock-capturing
code designed to integrate a system of conservation laws

c')a_lt] =-V-TWU)+SW), (3.15)

where U represents a set of conservative quantities, 7'(U) is the tensor “flux” and S (U) defines
the source terms. The explicit form of U, T(U) and S (U) depends on the particular physics
module selected. Among them are classical hydrodynamics, special relativistic hydrodynam-
ics, ideal/resistive magnetohydrodynamics, special (ideal) relativistic magnetohydrodynamics.
PLUTO comes in two flavors: static and adaptive grids.
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In this work, the resistive MHD equations are solved on a static spherical grid.

Numerical integration of the conservation law (Equation 3.15) is performed through shock-
capturing schemes using the finite volume formalism. In general, Equation 3.15 is solved in
four steps. First, conservative variables U are transferred into primitive variables V. On the sec-
ond step, cell-centered primitive variables V are interpolated onto cell faces. The code provides
different methods of interpolation. The piecewise parabolic method of Colella & Woodward
(1984) is applied for all simulations. On the next step, a Riemann problem at zone edges is
solved. Again, the code provides a number of different solvers, characterized by different nu-
merical diffusivity. The Harten—Lax—van Leer Riemann solver (Toro et al. 1994) is used for all
simulations presented. On the last step, the conservative law is further evolved in time. For this
purpose, a third-order order Runge—Kutta scheme is applied.

Such a general scheme does not necessarily preserve the solenoidal condition of the magnetic
field. For this purposes, the code allows choosing different methods that properly keep the
divergence-free condition. Since the generation of the magnetic field by its own is the purpose
of current work, the method Constrained Transport (Londrillo & del Zanna 2004), that directly
evolves the magnetic field potential using Stoke’s theorem. This method by definition ensures
the magnetic field being divergence-free.

The Courant—Friedrichs—Lewy condition is satisfied by using a CFL number of 0.4.

As the PLUTO code is a open-source software written in C, it allows further modification of the
code. The code has been modified for treating a dynamo related problem. For this purpose, the
extra dynamo-term was added into the induction equation (see Chapter 6).






Modeling Disks and Jets:
from the launching area to propagation scales™

This chapter presents the reference simulation of the disk-jet system. Using this high resolution
setup, a very long evolution of the system has been studied and valuable results obtained. Among
them, a crucial role of the disk magnetization has been disclosed, two main processes in the
disk, namely, diffusion and advection, has been disentangled, and two different regimes of jet
launching has bet distinguished.

4.1 INTRODUCTION

Astrophysical jets as highly collimated beams of high—velocity material and outflows of a small
degree of collimation and a lower speed are a ubiquitous phenomenon in a variety of astro-
physical sources. The role of magnetic fields in the realm of jets and accretion disks cannot be

“This chapter is based on a paper published in the Astrophysical Journal by Deniss Stepanovs and Christian
Fendt; titled: Modeling MHD Accretion-Ejection — from the Launching Area to Propagation Scales (Stepanovs &
Fendt 2014a). All the simulations, the figures and most of the scientific discussion and interpretation presented in
this chapter were done by the author of the thesis.
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underestimated. It is crucial for the launching, acceleration, and collimation of jets (see, e.g.,
Blandford & Payne 1982; Pudritz & Norman 1983; Uchida & Shibata 1985; Camenzind 1990;
Pelletier & Pudritz 1992; Sauty & Tsinganos 1994; Ustyugova et al. 1995; Fendt & Camenzind
1996; Ouyed & Pudritz 1997; Pudritz et al. 2007; Fendt 2009) . However, due to the complexity
of the physical problem, the exact time evolution and geometry of these processes is still under
debate.

Jets and outflows from young stellar objects (YSOs) and active galactic nuclei (AGNs) clearly
affect their environment, and, thus, at the same time the formation process of the objects that
are launching them (see, e.g., Banerjee et al. 2007; Gaibler et al. 2012). However, in order to
quantify the feedback phenomenon — namely, to specify how much mass, angular momentum,
and energy is being ejected into the surrounding via the outflow channel — it is essential to model
the physics in the innermost launching area of the disk—jet system with a high resolution. It
is commonly accepted that ejection and accretion are tightly connected to each other (Li 1995;
Ferreira & Pelletier 1995). The study of these phenomena is also motivated by the observed
correlation between accretion and ejection signatures (Cabrit et al. 1990).

This chapter discusses these topics, and will provide a relation between actual magnetization
within the disk and the ejection to the accretion ratio for mass and energy.

The first numerical simulations of this kind were presented by Casse & Keppens (2002, 2004),
who demonstrated how an outflow can be self-consistently launched out of the accretion disk,
accelerated to high velocity and collimated in a narrow beam. Later, Meliani et al. (2006) studied
in particular the impact of a central stellar wind on the accretion disk magnetic field inclination.
The work by Zanni et al. (2007) revealed the great importance of the underlying disk diffusivity,
namely, the strength of diffusivity and its directional anisotropy. Studying two limits of rather
high and low diffusivity, and keeping the same (about equipartition) magnetic field strength and
field structure, the authors found that a steady state of the simulation could not be reached for an
arbitrary combination of these parameters. Tzeferacos et al. (2009) in particular found that the
efficiency of the launching mechanism is strongly dependent on the disk magnetization.

A common assumption was that in order to launch jets, the magnetic field should be rather strong,
about the equipartition value. This question was investigated in detail by Murphy et al. (2010),
demonstrating that jets could be driven even with a weak magnetization of y ~ 0.002.

So far, the general mechanism of jet launching from magnetized disks has been studied by a
number of authors. However, due to the complexity of the problem, the combined action of the
various processes engaged could not be easily disentangled. Another problem arises if only a
short-term evolution of the system is considered, as this will be strongly dependent on the initial
conditions. What is somewhat complicating the interpretation of simulations in the literature
is that the model setup is usually categorized by the initial parameters, and not by the actual
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quantities such as the actual disk magnetization, accretion velocity, etc. at a certain evolutionary
time. The latter was first discussed by Sheikhnezami et al. (2012), however, the parameter space
applied in those simulations was rather limited. The present study will show that it is the actual
disk properties, in particular, the disk magnetization, that govern the accretion and ejection.

As shown by Hawley et al. (1995) and later adapted by Casse & Keppens (2004); Meliani et al.
(2006), the turbulent energy and angular momentum flux is dominated by the magnetic stress
rather than the Reynolds stress. Thus, in the presence of a moderately strong magnetic field the
Reynolds stress becomes less important. In order to disentangle the complex behavior and keep
the simulations simple, only non-viscous disks are examined.

Considering the accretion—ejection scenario, before any general relation between physical quan-
tities can be claimed, it is essential that the system itself has dynamically evolved over a suf-
ficiently extended period of time. Therefore the simulations were evolved for at least 10.000
dynamical times. It will be shown that such a long simulation requires that the advective and
diffusive processes must be well in balance.

The following approach was applied. First, the standard diffusivity model (see, e.g., Zanni et al.
2007) was considered. After having obtained a near equilibrium solution with advection and
diffusion in balance, the state of the system was closely examined. Essentially, it is the balance
between diffusion and advection that governs the strength of the actual disk magnetization. The
latter appears to be the key ingredient for the evolution of the entire system. Exploring a wide
range of the actual disk magnetization allows to derive a general correlation between the actual
disk magnetization and major quantities of the disk—jet system, such as the mass and energy
ejection efficiencies.

A model setup that is well suited for a long-term evolution study of the jet launching problem is
also presented. The use of spherical geometry provides a high resolution in the inner region of
the disk — the site of jet launching — and a low resolution for the outer regions, where the physical
processes typically evolve on much longer timescales.

This chapter is organized as follows. Section 2 describes the diffusivity model that is used in the
simulations. Section 3 discusses the reference simulation, which is characterized by the balance
between advection and diffusion, and uses the standard diffusivity model. Section 4 presents a
detailed analysis of jet launching disks, revealing the major role of the disk magnetization in
the disk—jet evolution. Section 5 discusses the simulations applying a new diffusivity model that
essentially overcomes the accretion instability observed in the previous simulations. This allows
to follow the evolution of the disk—jet system substantially longer. Finally, Section 6 summarizes
the results.
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4.2 TuaE MAacGNETIC DI1rrusivity MODEL

Accretion disks are considered to be highly turbulent, subject to the MRI in moderately magne-
tized disks (Balbus & Hawley 1991; Fromang 2013), and the Parker instability (Gressel 2010;
Johansen & Levin 2008) for stronger magnetized disks. It is believed that when the magnetic
field becomes sufficiently strong, the MRI modes become suppressed (Fromang 2013). On the
other hand, a strong magnetic field may become buoyant, leading to the Parker instability. While
the MRI is confined within the disk, the Parker instability operates closer to the surface of the
disk where the toroidal magnetic field is stronger.

As a self-consistent study of the origin of the turbulence is beyond the scope of this study, a a-
prescription (Shakura & Sunyaev (1973)) for the magnetic diffusivity is applied. It is implicitly
assumed that the diffusivity arises from the turbulence of the underlying disk.

The reference simulation, extensively presented in current chapter, uses a commonly used pre-
scription of the diffusivity np = @, Va - H - F,(z). This can be seen as a particular case of more
general parametrization of 17p = @m(U)C; - H - F,(2), by applying a¢m = am @ C, and oy
are evolved in time, but for the sake of simplicity, H and F),(z) are kept constant in time, thus
equal to the initial distribution. The main reason is to avoid additional feedback, which favors the
accretion instability (see below, or, e.g., Campbell 2009). The test simulations evolving the disk
height in time in fact indicate the rise of such instability earlier than in the case of a fixed-in-time
disk diffusivity aspect ratio.

In order to overcome the accretion instability, the strong diffusivity model is introduced, that is
discussed in later sections of this chapter.

4.2.1 AnisotroriC DIFFUSIVITY

The anisotropy parameter y = nr/np quantifies the different strength of diffusivity in poloidal
and toroidal directions. In the literature it is common to assume ) of the order of unity. Con-
sidering viscous disks, Casse & Ferreira (2000) showed that there is a theoretical limit for nr,
namely nt > n7p. Highly resolved disk simulations indeed suggest y =~ 2...4 (Lesur & Longaretti
2009), implying that the toroidal field component is typically diffusing faster than the poloidal
component.

The majority of simulations in the literature consider a magnetic field strength in equipartition
with the gas pressure. However, also studying weakly magnetized disks, it was shown that there
is also an upper limit for the anisotropy parameter, above which the simulations show irregular
behavior. On the other hand, it was pointed out by several authors (see, e.g., Zanni et al. 2007)
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that in case of a very low anisotropy parameter (thus, a weak toroidal diffusivity), the simulations
might suffer from instabilities caused by strong pinching forces. Nonetheless, the existence of
an upper limit for the anisotropy parameter was so far obscured by other processes.

Assuming a steady state and combining the poloidal component of the diffusion equation, My =
ssmH J 4/ Bp, with the relation for the Mach number My = 2/ \[yHJg/Bppac: (see below, Konigl
& Salmeron 2011), an interrelation between the toroidal and poloidal electric currents can be
derived,

i
J R \/’}_/ m ’
This relation has been proven to approximately hold for all of the simulations performed, thus

indicating that a steady state has indeed been reached. Since the only free parameter in this
relation is ay,, the choice of «,, governs the ratio of the electric current components.

@.1)

As shown previously (Ferreira & Pelletier 1995; Ferreira 1997; Ferreira & Casse 2013) the
toroidal component of the induction equation can be written as

2e
N1JRImia = —sz Bp - VQdy — VB, 4.2)
0

(here expressed for spherical coordinates), where Ji is computed at the disk midplane. This
equation essentially states that the induction of the toroidal magnetic field component (from
twisting the poloidal component) is balanced by the diffusion through the disk midplane and by
the flux escaping through the disk surface. The VyB, terms are not neglected, considering the
assumption of a thin disk (Ferreira & Casse 2013), as it is of key importance in the simulations,
in particular in the regime of a moderately strong magnetic field, u > 0.1.

Assuming that the induction of the magnetic field is primarily due to radial gradients, the ra-
dial component of the magnetic field can be approximated by a power law, By « R4, and
Equation 4.2 may be transformed into 11Jg|mia = BrCs — VyBy, or

B
(@smk = Mo)Tg = —. (4.3)

where
My = -V, /C; (4.4)
is denoted as the ejection Mach number, where V; is measured at the disk surface.

Using relation 4.1 between the poloidal and toroidal electric currents and defining the curva-
ture part of the toroidal current Ji"" = Br/H, one may derive a constraint for the anisotropy
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parameter,
qurv M
2o U — ——= |am < 1. (4.5)
Jy \2u

Any magnetic field geometry that is outwardly bent and has a decreasing field strength in the
outward direction has to satisfy this relation, as J, consists of two positive terms, the gradient
and the curvature. In cases where the vertical velocity term can be neglected (e.g., for a very
weak magnetic field with u < 0.02), the anisotropy parameter is y < 1/a?,, which, for the choice
of ay,, 1s about 0.4. By probing the y parameter space, it was found that in order to obtain a
stable accretion-outflow configuration for weakly magnetized disks, the y should be in the range
0.3——-0.7. Therefore y = 0.5 was set for all of the simulations. Note that in simulations applying
an anisotropy parameter y > 0.7, there is a problem that the poloidal magnetic field lines were
“moving” rapidly, such that the bending of the field lines along the disk midplane was actually
inverted. This is a result of the combined effects of a strong outward diffusion and low torques
at the midplane. On the other hand, in case of a rather low anisotropy parameter, the accretion is
rapid and the jet does establish a steady behavior.

The reason why the commonly chosen anisotropy xy > 1 leads to a steady behavior is rather
simple. As the disk magnetization grows during advection, the ejection Mach number grows
as well (M, o« 6u saturating at a level of 0.8; see below). Thus, in the case of a high disk
magnetization — usually assumed in the literature — the above mentioned upper limit for the
anisotropy parameter is satisfied. In the case of weak magnetic field simulations, performed, for
example, by Murphy et al. (2010), this limit is most likely satisfied by additional viscous torques.

4.3 A REFERENCE SIMULATION

In this section, the reference simulation is presented. The aims were two-fold. First, with the
new setup it was possible to increase both the period of time evolution and the spatial extension
of jet-launching conditions considerably compared to previous works. Second, with the long-
term evolution simulations, it was possible to investigate the interrelation between the actual
disk properties such as magnetization, the ejection to accretion ratios of mass and energy, jet
velocity, and others. This has not been done in the past, as most papers have compared the initial
parameters of the simulations. As shown by Sheikhnezami et al. (2012), both the magnetization
and diffusivity may substantially change during the disk evolution, and the parameters for the
initial setup py or a.y, are not sufficient to characterize the disk—jet system.

In order to uniquely specify the initial conditions for the simulation, a number of non-dimensional
characteristic parameters is prescribed. The initial disk height is set by €. For all simulations,
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Figure 4.1: Physically different regions of the disk—jet structure at # = 10,000. Shown is the mass density
(in logarithmic scale) and streamlines of the poloidal velocity (black lines with arrows). The red line
marks the magnetic field line rooted at in innermost area of the midplane. The upper blue line separates
an area where V,||B, from the disk. The accretion and ejection areas are separated with white (V, = 0)
and black (Fy = 0) lines, respectively. The lower blue line separates the accretion area where V, >> Vjy
from the rest of the structure.
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Table 4.1: Comparison of The Simulations with Simulations Performed by Other Authors

Reference Cell2e € m am X Ho Mact
Casse & Keppens (2004) 0.5 0.1 <1 1 ~1

Zanni et al. (2007) 2.5 0.1 0.35 01..10 1,3 0.3

Tzeferacos et al. (2009) 2.5 0.1 04 0.1..10 3,100 0.1-3.0

Sheikhnezami et al. (2012) 8.0 0.1 04 1.0 1/3,3 0.002-0.1

This work, ref. simulation 16 0.1 0209 1.1-19 0.5 0.003-0.03 0.001-0.5

This work, resolution study 24.5 0.1 02-09 1.1-19 05 0.003-0.03 0.001-0.5

Note. The resolution is estimated for the inner disk (R = 1)

€ = 0.1 was applied. The initial strength and structure of the magnetic field is set by  and m,
respectively. In all simulations, m = 0.5 was chosen.

As it will shown below, the initial disk magnetization can fail to characterize the jet-launching
process, but it is responsible for the overall disk torques. The main reason is that the magnetiza-
tion in the inner disk, from which the main jet is being launched, changes very quickly. However,
the magnetic field in the overall disk is primarily set by the initial magnetization.

In these simulations o = (0.003,0.01, 0.03) are examined.

The model for diffusivity is chosen by selecting the distribution e, (1) and the anisotropy pa-
rameter y. The anisotropy parameter y = 0.5 is set for all simulations. A standard diffusivity
model (Equation 2.14) is applied, thus the diffusivity is set only by the a,, parameter. As will
be shown later, the simulations are very sensitive to this parameter. If not stated otherwise,
am = 1.65.

The reference simulation is referred as to the setup with € = 0.1,m = 0.5,y = 0.01,a, =
1.65, y = 0.5. Usually, the simulations run until # = 10, 000, corresponding to about 1600 orbits
at the inner disk radius.

Figure 4.2 shows the time evolution of the disk—jet structure of the reference simulation. Note
that here only a small cylindrical part of a much larger, spherical domain is presented. Although
a broad parameter space is explored, the evolution for this simulation can be seen as typical.

The first snapshot shows the initial state — a hydrodynamic disk in force-balance, the non-rotating
hydrostatic corona in pressure equilibrium with the disk, and the initial non-force-free magnetic
field. After some 1000 revolutions, the inner parts of the disk-outflow reaches a quasi-steady
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Figure 4.2: Time evolution of the disk—jet structure for the reference simulation. Shown is the evolution
of the density (by colors, in logarithmic scale), the poloidal magnetic field lines (thin black lines), the disk
surface (thick black line) the sonic (red line), the Alfvén (white line), and the fast Alfvén (white dashed
line) surfaces.

state. However, it takes a much longer time for the outer parts to reach such a state. The out-
flow, initiated at early times and constantly accelerated, finally reaches a super-fast magnetosonic
speed. The outflow-launching area along the disk surface grows with time. However, the parts
of the outflow being launched from larger disk radii are less powerful.

This reference simulation applying typical parameters from the literature can be re-established
very well by the presented approach. Using a spherical setup, the resolution in the inner part
of the disk is higher than in the literature, and the simulations run substantially longer than any
other simulation published previously. The presented simulations behave very robustly. There
are two main reasons for that. First, the spherical geometry does well resolve the inner part of
the disk, from which the dominant part of the jet is launched, but smooths out the small-scale
perturbations in the outer disk. By that, perturbations arising throughout the disk are diminished.
Second, the choice for the diffusivity parameter «,, allows the simulations to evolve into a quasi-
steady state in which advection is balanced by diffusion. However, even with such an optimized
numerical setup (the reference setup), the simulations show some irregular behavior typically
at about 30,000 time units. The reason is that since the current diffusivity model is prone to
the accretion instability (see Lubow et al. 1994, and section below), the simulations are always
in a state of marginal stability. As a consequence, the simulations evolve into a state of either
high or low magnetization. In case of high magnetization the structure of the inner disk is being
drastically changed and the current model of diffusivity cannot be applied. In the opposite case
of weak magnetization, stable jets cannot be sustained.
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In the following, different components of the disk—jet system and the jet-launching and accel-
eration mechanism will be discussed. It will be shown how certain disk properties, such as the
location of the disk surface or the mass fluxes in the physically different areas are measured. The
role of the diffusivity, the strength, and geometry of the magnetic field is explored in respect to
the outflow and accretion rates.

4.3.1 CoMPARISON TO PREVIOUS SIMULATIONS

In the Introduction, the literature of accretion—ejection simulations was already discussed. In this
section, specific details in which presented simulations differ from previous works are explicitly
emphasized.

e A spherical grid has been applied, offering the opportunity of a much larger domain size
as well as much higher resolution in the inner part of the disk. A new set of boundary
conditions is used which is adapted to the spherical grid.

e A continuous range of simulation parameters was explored. In particular, the interrelations
between the actual flow parameters, rather than an interrelation to the initial values are
discussed.

e Altogether, the presented model setup allows very long-term simulations on a large grid
— so far the simulations run for approximately 30,000 time units for a standard diffusivity
model, and more than 150,000 time units for the modified strong diffusivity model.

e The inflow (into the coronal region) density is allowed to vary in time, thus keeping the
ratio between the inflow and the disk densities ¢ the same as initially.

A vast range of the parameter space that covers the majority of simulations performed in the
literature (see Table 4.1) was explored. Similar to all these papers, a thin disk with € = 0.1 is
assumed. It is common to assume a magnetic diffusivity parameter o, of about unity. In current
case, values @, = 1.1...1.9 were applied. For the magnetic field bending parameter, m = 0.5 was
chosen, which is slightly higher than the values usually adapted, m = 0.35...0.4. Although it is
finally shown that m plays only a minor role, the current choice is motivated by the fact that this
value is more consistent with the inner boundary condition. The magnetic diffusivity anisotropy
parameter y is chosen to be smaller than unity, since it helps to keep sufficiently strong torques
at the midplane and the bending of the magnetic field that supports launching.

Although the simulation are started from a moderately weak initial magnetic field, the actual
field strength in the inner disk at a certain radius may vary substantially over time. This allows to
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study the interrelation between disk accretion and ejection physics and the actual magnetic field
strength (thus the actual disk magnetization).

4.3.2 Disk STRUCTURE AND DISK SURFACE

The disk surface is defined as a surface where the radial velocity changes sign. In a steady state,
the area where the radial velocity and the magnetic torque changes sign is almost identical.

Figure 4.1 shows the typical structure of the disk—jet system. Several, physically different regions
can be distinguished — the inflow area, the jet acceleration area, the launching area, and the
accretion domain. These are separated by colored lines. The white and black lines mark the disk
surface that separates disk and corona regions. Two other lines separate the accretion, launching,
and acceleration areas. The accretion region is defined as the area where velocity is mainly
radial, V, < 0.1V, and the acceleration region as the area where the flow velocity is parallel
to the magnetic field, sin(angle(B,V)) < 0.1. The region in between is characterized as the
launching area.

In the simulations, the position of the disk surface as defined above remains about constant in
time. This confirms the choice of the control volume (see below) and our choice to fix the
diffusive scale height during the simulation.

According to the boundary conditions, a weak inflow into the region between the inner disk
radius and the rotational axis, is prescribed. This inflow provides the matter content as well as
the pressure balance along the rotational axis. The astrophysical motivation can be the presence
of a central stellar magnetic field or a stellar wind. In Figure 4.1, the inflow area is the area
between the rotational axis and the red line that marks the magnetic field line rooted in the inner
disk radius at the midplane. In all figures below, the magnetic field line closest to the axis always
corresponds to the magnetic field line anchored at the inner disk radius.'

4.3.3 LAUNCHING MECHANISM

Here the jet-launching mechanism in the reference simulation is discussed, that is — as in previous
simulations — the Blandford—Payne magneto-centrifugal driving.

! Note that there are magnetic field lines that still penetrate the disk, but are not rooted at the disk midplane.
These lines originate from inside the inner disk radius and are considered as intermediate between the axial coronal
region and the main disk outflow. The pure inflow, which is prescribed from the coronal region along the inner
boundary, is moving with the injection speed, and thus is not accelerated.
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Figure 4.3: Importance of the Lorentz force with respect to the pressure and centrifugal forces for the
reference simulation at 7 = 10,000. Shown are the poloidal speed (different colors), the poloidal mag-
netic field (black thin lines), Alfvén (white), fast-magnetosonic (dashed white), sonic (red) surfaces. The
thick black lines denote the surface where the Lorentz force is equal to the pressure force components:
parallel (dashed) and perpendicular (solid) to the magnetic field. The thick purple lines denote the surface
where the Lorentz force is equal to the centrifugal force components: parallel (dashed) and perpendicular
(solid) to the magnetic field. The thick black lines denote the ratios of the Lorentz to the pressure forces
components: parallel (left) and perpendicular (right) to magnetic field.
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As demonstrated above (see Figure 4.1), the magnetic torque rF, changes sign on the disk sur-
face. It is negative in the disk and positive in the corona. Thus, the magnetic field configuration
established extracts angular momentum from the disk. The angular momentum extraction relies
on the induced toroidal magnetic field component, which plays a key role in transferring the
angular momentum ~ B,By. Gaining angular momentum, the material that is loaded to the field
lines from the accretion disk is pushed outward by the centrifugal force.

In order to illustrate the acceleration process, the magnitude of Lorentz force with respect to
the thermal pressure and centrifugal forces are shown. Figure 4.3 shows the contours where the
perpendicular and parallel components of the Lorentz force are equal to the perpendicular and
parallel components of the pressure and centrifugal forces, respectively. In the accretion disk,
both the pressure and the centrifugal forces dominate the poloidal component of the Lorentz
force. Below the disk surface, the Lorentz force (toroidal component) extracts the angular mo-
mentum from the disk.

Since the Lorentz force increases along the outflow, it is worth checking the decomposed Lorentz
force components F' = VX BX B in the directions parallel and perpendicular to the magnetic field
(Ferreira 1997). The ratio between the toroidal and parallel components of the magnetic field,
F B
22 (4.6)
F, Bp
is shown in Figure 4.4. The centrifugal force is stronger in the inner area of the disk rather than
in the outer parts of the disk.

At the sonic surface, the Lorentz force overcomes the pressure forces. From this point on, the
main acceleration force is the centrifugal force. Further along the outflow — between the Alfvén
surface and the fast surface — the Lorentz force becomes the main accelerating force.

4.3.4 ConNTtrROL VOLUME

In this section, the control volume for calculating fluxes is described. In the 6 direction the
control volume is enclosed by the disk surface (as defined above), S, and the disk midplane.
The two other surfaces that enclose the control volume are marked by S| and S g, and correspond
to the vertical arcs at the innermost disk radius (R = 1) and at any other radius R. The control
volume defined by these surfaces is denoted by V(R).

The flux of a physical quantity is defined as being positive if it increases this quantity in the
control volume. The flux of a physical quantity is defined as being positive if it decreases this
quantity of the control volume. The factor of two in front of the integrals takes into account the
fact that only one hemisphere is treated. Note also a minus sign in front of the integrals.
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4.3.5 Mass FLux EvoLuTioN

Here the mass flux evolution, namely the accretion and ejection rates, is explored.

The disk mass enclosed by a radius R of the control volume (Section 4.3.4) follows from

M(R) = 2f pdV, 4.7)
V(R)

while the mass accretion rate at a certain radius R is

SR
Mye(R) = 2 f oV, - dS, (4.8)
S

1

and the mass ejection rate is integrated along the disk surface,

Mgm:—gfpm,w. (4.9)
Ss

It is common to introduce the ejection index &, which is based on the mass conservation law for
a steady solution (Ferreira & Pelletier 1995). It basically measures the steepness of the radial
profile of the accretion rate along the midplane. Setting the outer radius to r and the inner radius
to unity, the ejection index interrelates ejection and accretion,

Mej _
— =17 (4.10)
MB.CC
The ejection index is obtained by a linear approximation of ¢ = —log(1 — Mej/ M)/ log(r)

within r = [2, 10] The higher the ejection index, the higher the fraction of accreted matter being
ejected within a given radius, and the less matter reaches the inner boundary. For the reference
simulation & ~ 0.3 at 7 ~ 10.000.

Although the disk continuously loses mass (Figure 4.5), after dynamical times 1000-2000 the
disk mass loss is much smaller that the corresponding ejection and accretion rates. Therefore the
simulation is considered as evolving through a series of quasi-steady states. A continuous disk
mass loss is a typical feature of a simulation like the reference simulation. This is because the
mass accretion from outside some outer disk radius is not able to sustain the mass that is lost by
accretion and ejection within this radius. It was also found that the standard diffusivity model
typically leads to a magnetic field distribution in the disk that is almost constant in time (not in
space). These two facts result in an increase of the disk magnetization in the inner disk, which in
turn leads to more rapid accretion in the inner disk.

Figure 4.5 shows the time evolution of the mass accretion and ejection rates. Note also the
general decrease of the mass fluxes over time, which is a direct consequence of the decrease of
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Figure 4.5: Time evolution of the disk mass (left), the mass accretion rate (middle), and the mass ejection
rate (right) of the reference simulation at different radii.
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the disk mass. The behavior and actual values of the mass fluxes are typical in the literature.
One should note two distinct features of the mass fluxes. First, the higher integration volume,
the higher the mass ejection rate. Second, in jet-launching disks the mass accretion rate must
increase with the radius. These plots also indicate that the evolution of the system can be seen as
a consecutive evolution through a series of quasi-steady states.

4.3.6 MAaGNETIC FIELD BENDING PARAMETER STUDY

Here the simulations investigating the influence of the initial magnetic field bending parameter
m are discussed. The bending parameter m was varied from 0.2 (strongly inclined) to 0.9 (almost
vertical).

The main result is that although the simulations initially evolve slightly differently, in the long-
term they are almost indistinguishable.

Figure 4.6 shows the time evolution of the ejection to accretion mass flux ratio. The fluxes are
again computed for the control volume extending to R = 10. It seems to take a few 1000 dynam-
ical time steps for the simulation to lose the memory of the initial magnetic field configuration,
but at 7 = 10,000 convergence has obviously been reached. This is also true for the fluxes of
angular momentum and energy, and holds as well for the corresponding flux ratios.

The reason why the simulations convergence into a single, specific, configuration is the fact that
it is mainly the diffusivity model that governs the evolution of the magnetic field evolution. When
the simulations start with the same initial magnetic field strength at the midplane, this results in
exactly the same magnetic diffusivity profile. Since rather weak magnetic fields (weaker than the
equipartition field) are explored, the underlying disk structure cannot be changed substantially
by the Lorentz force. On the contrary, the magnetic field distribution adjusts itself in accordance
with the diffusivity model, which has the same vertical profile ab initio.

The convergence that is observed for these simulations, starting from an initial magnetic field
with different bending, again confirms the reliability of the presented model in general.

4.3.7 RESOLUTION STUDY

In this section the results of the resolution study are presented. Simulations with a grid reso-
lution of (0.5, 0.75, 1.0, 1.5, 2.0) times the standard resolution of 128 cells per quadrant were
performed. It corresponds to (64, 96, 128, 192, 256) cells per quadrant, or approximately (8,
12, 16, 24, 32) cells per disk height 2e. Note that once the resolution in the 8 direction and the
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Figure 4.6: Time evolution of the mass ejection to accretion ratio for simulations evolving from an initial
magnetic field distribution with a different initial bending parameter m.
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radial extent of the disk is chosen, the resolution in the R direction is uniquely determined (see
Section 3.3).

For the resolution study, all simulations were performed up to typically 10,000 time units. Fig-
ure 4.7 shows snapshots of some of these simulations. Essentially, these disk-outflow structures
are almost identical, indicating that numerical convergence is indeed reached.

Figure 4.8 shows the time evolution of the mass ejection to accretion ratio, again integrated
throughout the control volume R < 10, for simulations of a different resolution. Note two par-
ticular issues. First, all curves bunch together at a mass ejection to accretion ratio of about 0.6,
indicating convergence of the simulations (this is also true for other flux ratios). Second, the
simulation with the highest resolution shows some intermittent behavior (see Figure 4.7). This
might be related to the spatial reconstruction in non-Cartesian coordinates close to the symmetry
axis or to the ability to resolve more detailed structures. The simulations have converged for the
launching region for the resolution chosen.

Note that although the spherical grid is beneficial for the disk and outflow-launching studies,
mainly due to the higher resolution of the inner disk, its application to the jet propagation further
away from the jet source is limited because of the lack of resolution at larger radii.

4.4 MAGNETIZATION ANALYSIS

This section investigates a number of physical processes of jet launching by comparing different
simulations similar to the reference simulation.

As mentioned above, the evolution of the reference simulation can be seen as a sequence of
quasi-steady states. The slow, but constant, decrease of the disk mass eventually leads to a
change of the disk magnetization. This is more prominent in the inner part of the disk, whereas
the magnetization of the outer disk does not change much. This feature provides the opportunity
of studying the disk and jet quantities with respect to the actual disk magnetization.

In this section, a set of simulations similar to the reference simulation is presented, however,
applying a slightly different choice of parameters. The reference simulation was chosen such
that diffusive processes are in balance with advective processes. Now, by choosing a slightly
different diffusivity parameter «,,, these processes now are out of balance. This leads either to
further faster advection or diffusion of the magnetic field. Naturally, in the case of lower a,,
advection dominates, and, thus, magnetization grows, leading to even faster advection. In the
opposite case, the disk magnetization decreases.
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Figure 4.8: Evolution of the ejection to accretion ratio at R = 10 for the reference simulation with different
resolutions.
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This approach allows to study the evolution of the accretion—ejection in a very general way. Each
of the simulations applied has started from the same initial conditions, however, it now follows a
different evolutionary track and finally evolves into a quite different state of the system.

Figure 4.9 shows the time evolution of the disk mass, the average magnetization of the inner disk
(averaged between R = 1.1 and R = 1.5), and the jet speed defined here as

Vjet,act = maX(VP)|R:lOOa (41 1)

the maximum jet speed obtained at R = 100, considering only those magnetic field lines rooted
in the disk.

Note that the jet speed as computed here is only an extrapolation of the terminal jet speed (at
infinity). The general behavior of the disk is as follows. First, the different simulations behave
rather similarly. After some time, they begin to differ from each other. At later stages the disks
and their outflows arrive at definitely different dynamical states. The exact times at which this
happens depends, of course, on the radius for which the disk properties are examined. From
Figure 4.9 shows that the time when the simulations begin to differ considerably is fairly small,
about a few hundred dynamical time steps.

Since the simulation start with no accretion, diffusion is not initially in balance. However, electric
currents are induced quickly within the disk, and subsequent angular momentum transport results
in accretion. Depending on the value of the diffusivity parameter a,,, the system results either in
an advection-dominated regime (for a,, < 1.65), or a diffusion dominated regime (@, > 1.65). In
principle, an equilibrium situation is possible in which these two processes are in balance. In the
case of yy = 0.01, the diffusivity parameter for an equilibrium situation is around a,,, = 1.65. The
critial diffusivity parameter a., is referred to as the one corresponding to the equilibrium state
when advection and diffusion are balanced. Generally, the lower the diffusivity, the stronger the
advection and thus the resulting magnetization.

The simulations confirm the finding of Tzeferacos et al. (2009) that in case of a strong magnetic
field with u ~ 0.3, the disk structure changes substantially — the disk becomes much thinner in the
inner region of the disk. A stronger magnetic field exerts a stronger torque on the disk, leading
to a faster accretion rate. Thus, at some point in time, the accretion velocity becomes supersonic,
Mg oot > 1. This is considered as the limit for applying the magnetic diffusivity model.

As clearly visible from the figures discussed above, for the present setup the current diffusivity
model (Equation 2.14) is only marginally stable — all deviations from the critical diffusivity
will be further amplified. If magnetic diffusion dominates the disk, the magnetic field becomes
increasingly weaker unless at about ;1 ~ 0.001, where the jet outflow can no longer be sustained.
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On the other hand, a weaker diffusivity leads to a faster accretion that also results in a runaway
process. One way to circumvent this problem is to apply a different model for the diffusivity,
namely agm(1) (see Section 4.5).

As might be easily seen from Figure 4.9, ongoing disk mass depletion in most cases leads to a
higher degree of disk magnetization, a process that happens faster for less diffusive, thus higher
advective simulations. A change in magnetization may substantially change the dynamics of the
disk. Stronger magnetization, for example, leads to a higher jet speed.

One might notice the deviation in the behavior of the jet terminal speed for a low value of ay,.
This results from the position where the terminal speed is calculated — for this case the jet ac-
celerates even further out and the asymptotic velocity is not reached at R = 100 for the low ay,
(or highly magnetized) case and is still in the process of transforming the magnetic energy into
kinetic. In a next chapter, the terminal jet speed will be discussed in much more detail, demon-
strating that for a moderately weak magnetic field, u ~ 0.05, the terminal jet speed already
reaches unity.

In summary, it is the actual magnetization in the disk that governs ejection and accretion and that
is directly linked to various disk—jet quantities.

4.4.1 TRANSPORT OF ANGULAR MOMENTUM AND ENERGY

Here the analysis of the angular momentum and energy transport in the simulations is presented.
It is common to explore the angular momentum and energy transport by means of their fluxes

through a control volume (Section 4.3.4). The accretion angular momentum flux J,cc = Jacexin +

Jace,mag 18 defined as the sum of the kinetic and magnetic parts,

SR SR
Jacexin = =2 f VeV, -dS,  Jacemag = 2 f rB,B,, - dS. (4.12)

S1 S

The jet angular momentum flux is defined as Jier = Jietkin + Jietmag With

Jiewkin = =2 f VoV, dS,  Jietmag =2 f rByB - dS. (4.13)
Ss

Ss

Figure 4.10 shows the time evolution of the jet angular momentum flux for a number of simula-
tions. They can be divided into three different groups distinguished by their initial magnetization,
o = 0.003,0.01, 0.03. Different lines within each group represent simulations with different dif-
fusivity parameters a,,. The jet angular momentum flux is calculated through the upper part of
the control volume, thus, up to R = 10.
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Figure 4.10: Time evolution of the jet angular momentum flux for the reference simulation at radius
10. Simulations with different initial magnetic fields form three distinct groups corresponding to g =
(0.003,0.01, 0.03) (from bottom to top)
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As expected, the stronger the overall magnetic field strength is in the disk, the stronger torque it
exerts, and thus the higher angular momentum fluxes are presented.

Although the magnetic diffusivity parameter a,, differs within each group of lines (marked by
different colors), the total torque measured for the corresponding simulations is about the same.
This comes from the fact that the total torque is set by the global magnetic field. Thus, the
evolution of the total torque is mainly set by the initial conditions.

Note that the simulations applying a strong initial magnetic field (represented by the upper bun-
dle of curves in Figure 4.10) have been interrupted earlier compared to usual evolution times.
For these cases, the inner part of the disk became highly magnetized. The strong magnetic field
changes the inner disk structure such that the model for the magnetic diffusivity can no longer
be applied. This is simply because the actual scale height of the disk significantly decreases and
no longer coincides with the initial disk surface. The case of strong magnetic fields is consid-
ered as being beyond the scope of this study. The underlying turbulence might be significantly
suppressed as well.

In accordance with previous works (see, e.g., Zanni et al. 2007), the ratio of angular momentum
extracted by the jet to that provided by the disk accretion is always close to, but slightly larger
than, unity, J'jet /Jace Z1. The main reason is that the accretion rate in the outer part of the disk is
too low to compete with a strong mass loss by the disk wind at these radii.

The accretion energy flux (accretion power) Eyce = Eacemee + Eacemag + Eacenm 18 defined as the
sum of the mechanical (kinetic and gravitational), magnetic, and thermal energy fluxes,

) SR 2 ) SR ) SR y
Eacc,mec = _Zf (7 + (Dg)PVpdS’ Eacc,mag = _Zf EXB-dS, Eacc,thm = _Zf TlPVPdS,
! S s Y

(4.14)

and, similarly, the jet energy flux (jet power) Ejet = Ejerkin + Ejetary + Ejetmag + Ejernm 1S defined
by

. V2 .

Buwn==2 | pV,-dS. Ejagn =2 f ®,pV, - dS, (4.15)
SS SS

Eietmag = —2 f ExB-dS, Eeum=-2| —L-PV,-ds. (4.16)
SS SS y - 1

In contrast to the angular momentum flux, most of the energy flux is being released from the
inner part of the disk. This makes the energy flux very sensitive to the conditions in the inner
disk. Indeed, Figure 4.11 shows that the power liberated by the jet strongly depends on the
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diffusivity parameter, which is the main agent for governing the magnetic field strength. A
weaker diffusivity parameter a,, leads to a higher magnetization, and thus a higher jet power.
The same is true for the accretion power.

Moreover, he ratio of energy fluxes, namely the ratio of the jet to the accretion energy flux, is
always close to, but slightly lower than, unity. This is also in accordance with Zanni et al. (2007).

In this section, some evidence is provided that it is the actual magnetization in the disk that
governs the fluxes of mass, energy, and angular momentum. In the next section, it is shown how
exactly these fluxes are connected to magnetization.

4.4.2 ANALYSIS OF MAGNETIZATION, DIFFUSIVITY AND FLUXES

In a steady state, diffusion and advection balance. Advection of the magnetic flux in principle
increases the magnetic field strength, predominantly in the inner disk. On the contrary, the
diffusion smooths out the magnetic field gradient. Therefore, the diffusivity model applied is a
key ingredient for these processes, directly influencing the disk structure and evolution.

Following analysis will not focus on the profile or the magnitude of the magnetic diffusivity,
but concentrate on the resulting magnetization and its time evolution. As discussed above, by
changing the magnetic diffusivity parameter a,,, it is possible to explore how the actual disk
magnetization influences various properties of the disk—jet system.

For each parameter run performed, the actual physical variables in the disk—jet system are mea-
sured, such as the time-dependent mean magnetization, accretion fluxes, jet fluxes, or the accre-
tion Mach number. Naturally, the actual value of a certain property has evolved from the initial
value during the simulation. A mean value denotes the values averaged over a small area of the
inner disk,

X=<X(r,z=0)>. 4.17)

All mean quantities discussed are averaged over the inner disk midplane from R = 1.1toR = 1.5.
The choice of the averaging area is motivated as follows. First, in order to avoid any influence
of the inner accretion boundary the inner integration radius is moved about 10 grid cells away
from it. Second, only the inner part of the disk is examined , since it is the region where the
magnetization is changing predominantly and it is the launching area for the most energetic part
of the jet. Third, it is desirable to avoid large magnetic gradients affecting the averaging area.
Although most of jet energy is launched from regions broader than this small area, the area is
seen as representative. Note that the profiles of the jet power along the disk surface are similar
for all simulations. In all cases, the general behavior of the physical outflow or disk quantities



MAGNETIZATION ANALYSIS 67

with respect to underlying disk magnetization does not depend on the area where the averaging
is performed (on neither the location nor the size).

Keeping all other parameters the same, simulations varying the initial magnetization y, and
the strength of the magnetic diffusivity a,, were carried out. For all the simulations, starting
with different initial magnetization, uy = 0.003, uo = 0.01, and gy = 0.03, the interrelation
between the different jet or disk quantities and the disk magnetization is essentially the same.
Therefore only one group of simulations, namely that with yy = 0.01, is presented. Although the
initial magnetic field strength differs, It can be already suspected at this point that it is the actual
rather than the initial strength of the magnetic field in the disk that governs the disk accretion
and ejection of the jet, and, thus plays a major role in the launching process. This has not yet
been discussed in the literature, as most publications parameterize their simulations by the initial
parameters. An exception might be Sheikhnezami et al. (2012), who pointed out substantial
changes in the disk plasma beta during the time evolution.

An interesting representation of the evolution of the main disk—jet quantities are (u, X) plots,
where X stands for the examining variable. Note that in these plots the time evolution is hidden.

4.4.2.1 AccRrRETION MAcH NUMBER

As was shown by Konigl & Salmeron (2011), there is a link between the mean accretion Mach
number and the disk magnetization. In currently used terms, this relation can be expressed as

2
MR,act = WQ/Jacta (418)

where ¢ is the magnetic shear,

_ HUg

By
q = —_

= , 4.19
B B, (4.19)
and where the plus sign denotes a variable estimated on the disk surface. Note that in current case
there is no viscous contribution and the factor 1/ +/y appears in the relation since the accretion
Mach number is calculated using adiabatic sound speed.

Figure 4.12 shows that setting g to constant g = 2+/y (thus My = 4u) is a good first approxi-
mation, especially for the strong magnetization cases. As it will be shown in the next section, in
the case of a weak magnetic field the magnetic shear g behaves far from being constant. Closer
examination of the magnetic shear g reveals a presence of two different jet launching regimes.
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Figure 4.12: Relation of the accretion Mach number to the actual magnetization for the initial magneti-
zation pg = 0.01. The linear approximation Mg = 4u is shown by the dashed black line.
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4.4.2.2 MAGNETIC SHEAR

A tight relation exists between the magnetic shear ¢ and the ratio between the toroidal and
poloidal magnetic field components. The magnetic shear g is defined by the radial electric current
at the disk midplane, since it does not require to apply the notation of the disk surface, which,
in case of a strong magnetic field, might change by up to 40%. Note, that the magnetic shear is
the first derivative of the accretion Mach number with respect to the magnetization. Therefore, it
shows the growth rate of the local Mach number or steepness of the curve.

Figure 4.13 shows the magnetic shear with respect to the underlying inner disk magnetiza-
tion. The magnetic shear behaves in two different ways — in the case of low magnetization,
u < 0.03 — 0.05, the magnetic shear is substantially higher in comparison to the case of high
magnetization, u > 0.03 — 0.05. The explanation is straightforward: there is a turning point
concerning the generation of the toroidal magnetic field versus flux losses through the disk sur-
face (by the outflow). To understand this, one needs to set apart the generation processes of the
toroidal magnetic field from the loss processes. The rate of the generation of the magnetic field
in Keplerian disks is primarily set by the structure of the magnetic field and is rather constant in
the case of a quasi-steady state On the other hand, the outflow speed (through the disk surface) is
highly dependent on the actual disk magnetization. In the case of a weak magnetization the out-
flow speed is rather small, which makes it possible to sustain a stronger magnetic shear. A strong
disk magnetization results in a fast outflow, thus setting the maximum limit for the magnetic
shear.

4.4.2.3 Mass anp ENErGY FLUx

The magnetic shear has a great impact on outflow launching (Ferreira & Pelletier 1995). The
mass and energy ejection and accretion fluxes confirm this finding.

Figure 4.14 shows the ratio of the mass ejection rate, Mej(l S5) - Mej(l.l), to the accretion rate,
both averaged over the same area. Obviously, the ejection efficiency is higher for weaker mag-
netized disks.

This is easy to understand considering Equation 4.6. In the case of a weak magnetic field, the
strong magnetic shear (the high toroidal to poloidal magnetic field ratio) leads to faster poloidal
acceleration, which is caused by the force component parallel to the magnetic field. This force
also extracts the matter from the disk. In the case of a strong disk magnetization, the acceleration
of matter is primarily supported by the centrifugal force.

Note that studying the ejection index (calculated within an area R = 2...10) with respect to
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Figure 4.13: Relation of the magnetic shear with respect to the actual magnetization.



MAGNETIZATION ANALYSIS 71

Ejection to accretion mass flux ratio

0.20
— o, =145
& —_— a, =15
— o, =1.55
0.15} — o =16 |1
— o, =1.65
>
<5 a, = 1.7
E‘i 010l —_— o, = 1.75 ]
-
=
0.05} .
OID('?.OD 0.65 O.iD O.El.5 O.IZO O.I25 0.30

Juact.

Figure 4.14: Relation of the mass ejection to accretion ratio with respect to the actual magnetization.

the mean disk magnetization leads to very similar results, that is a saturation to values of about
0.35-0.40 in the case of a high magnetization and a significant increase in the case of a low
magnetization.

Figure 4.15 shows the ratio of the energy ejection density to the average accretion energy, com-
puted in the same way as for the mass fluxes. Compared to the mass fluxes, the energies show
opposite behavior — the ejection to accretion power is an increasing function with magnetiza-
tion. This is a highly important relation, since it relates two observables. Note that there is not
a fixed value for the ratio between the jet and accretion power. This should be considered when
comparing observational results to theory.

Essentially, this result shows the general importance of the magnetic energy flux compared to the
mechanical energy. The mechanical energy flux is always negative, while the magnetic energy
flux is positive. In the case of a strong magnetic field, the results are similar to Zanni et al. (2007),
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Figure 4.15: The relation of the energy ejection to accretion with respect to the actual magnetization.
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namely, that magnetic energy flux dominates the mechanical flux. A saturation of the flux ratio
in the case of a moderately strong magnetization is also seen. In a weak magnetization case the
energy flux ratio can be very small.

The ejection Mach number, Equation 4.4, increases almost linearly with magnetization.

Essentially, the general behavior of the mass and energy flux ratios does depend on the averaging
area or its position.

The accretion power is mainly determined by the accretion rate at the inner disk radius. As-
suming a typical scale height for the mass accretion as er, the accretion power can be estimated
considering the magnetic shear and the actual magnetization of the disk,

Eacc =~ 0.06 qluactEO’ (420)

where E is the unit power (see Chapter 3).

In the case of strongly magnetized disks one can assume that the magnetic shear is approximately
constant g ~ 3, and this relation transforms into E,.. ~ 0.2u,.Eo. Note that this result connects
two essential quantities — the accretion power, which manifests itself by the accretion luminosity,
to the disk magnetization, which is intrinsically hidden from the observations.

4.5 A StaBLE LONG-TERM EVOLUTION

This section discusses the commonly used diffusivity model and the reasons why it fails in the
case of very long-term simulations, in particular when treating weakly magnetized disks. In
order to overcome this problem — the accretion instability — another magnetic diffusivity model
is proposed. This new model enables to simulate the evolution of the disk—jet system for much
longer times.

4.5.1 CoNSTRAINTS ON THE DIFFUSIVITY PARAMETERS

The simple idea that the induction of the magnetic flux in steady state is compensated by the
flux losses, both by diffusion and magnetic flux escape through the disk surface, becomes barely
applicable in the case of a weak magnetic field. As discussed previously (see Section 4.2.1), in
order to keep the magnetic field distribution properly bent, the magnetic diffusivity parameter o,
must be linked to the anisotropy parameter y. Equation 4.5 was obtained considering the standard
magnetic diffusivity model. A more general relation can be derived assuming a curvature of the
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magnetic field of about 0.5, which is the mean curvature of the initial field distribution (see
Equation 3.3),

(assm)( - MG) Qgsm < M. (421)

Solving this inequality for agg, and assuming M, oc Su, one finds

2
Assm < Qo = §'UX + \’(lg) /1)2( + Uy, 4.22)

where p, = u/y, and B = 6 in the simulations. This relation shows that in order to keep the disk
magnetic field properly bent, the o, should behave differently in the two limits of magnetiza-
tion: a linear relation to the magnetization in the case of a strong magnetic field, and proportional
to the square root of magnetization in the case of a weak field. In the case of a strong deviation
from this relation, the magnetic field structure will be substantially affected, resulting in a high
field inclination (for agsy, < @), or a strong outward bending (for @, > ).

For Equation 4.22, it is implicitly assumed a linear relation between the ejection Mach number
(at the disk surface) and the magnetization. In fact, the simulations approve such an interrela-
tion. Figure 4.16 shows that for a moderately strong magnetic field, there is a linear relation
between the ejection Mach number and the underlying disk magnetization. This behavior is also
consistent with the ejection to accretion mass flux ratio as discussed above.

As a consequence of Equation 4.1, the a, plays a direct role in determining the strength of the
poloidal electric current with respect to the toroidal current. In order to sustain jets, the ratio of
the poloidal to the toroidal current should be sufficiently high (about 15).

The difficulty in performing simulations of weakly magnetized outflows is that the specific
torques may increase toward the disk surface area due to the low densities in that area. This
will lead to a layered accretion along the disk surface, and thus, much lower accretion along the
midplane. Although this might be a relevant process in reality, the currently used numerical setup
is not suited for the treatment of such a configuration.

The standard, commonly used magnetic diffusivity model is parameterized by two constants, @,
and y. In general, choosing a high anisotropy parameter y implies a low diffusivity parameter
an. Together, this will lead to a decrease in the poloidal electric current and an increase in the
toroidal current (see Equation 4.1). Thus, the resulting torque will not be sufficient to brake the
dense matter along the midplane, and will lead to layered accretion. An anisotropy parameter
lower than unity has proven to lead to a smoother time evolution, since it allows for stronger
poloidal currents at the midplane, and thus a mass accretion that is developed over the full disk
height. Another option to have y > 1 would be to modify the vertical diffusivity profile such that
it reaches the maximum not at the disk midplane, but at the disk surface. This would also help to
develop a strong electric current in the disk midplane.
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Figure 4.16: Relation of the ejection Mach number with respect to actual magnetization. The slope of the
dashed line is 8 = 5.9.
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4.5.2 THE ACCRETION INSTABILITY

This section discusses another problem, which is common in the standard diffusivity model. As
previously shown, most of the simulations suffer from the mass loss from the disk, leading to the
increase of magnetization. However, the increase of magnetization further amplifies the mass
loss. This is known as the accretion instability, first studied by Lubow et al. (1994), and later
confirmed for more general cases (Campbell 2009). If, on the other hand, the diffusivity is too
high (chosen by a high a,, parameter), the inevitable diffusion of the magnetic field will lead to
the situation where a jet can no longer be sustained.

The main reason for the increase in magnetization is the mass loss, but not the actual magnetic
field amplification. This is a direct consequence of the accretion instability, namely, a lack of
sufficient feedback that could bring the accretion system back to a stable state. In other words,
in order to run long-term simulations, one needs to apply a diffusivity model that provides a
stronger feedback to the diffusivity profile than the standard choice o \/ﬂ

4.5.3 A PROPER MAGNETIZATION PROFILE

The direct consequence of the accretion instability is that the magnetization increases toward the
center. It is easy to show that the behavior of the magnetization has to be opposite. In accretion
disks producing outflows, the mass accretion rate must naturally increase with radius. Assuming
a radial self-similarity of the disk and taking into account that the accretion Mach number is
linearly related to the magnetization and that p oc C2, one derives

B.=&-2-4Bc, (4.23)

where ¢ is the ejection index and Sy represent the power-law index of a physical quantity X.
Considering that magnetized disks are very efficient in producing outflows, ¢ = 0.2 — 0.4, one
may expect g, to be positive (if B¢, ® —1/2), thus, an increasing function with radius. However,
the disk structure itself can be re-arranged such that |B¢,| < 1/2, which eventually will satisfy the
relation 4.23. This is indeed what is found.

One should, however, keep in mind that this equation is a rough estimate and might be subject
to the different disk physics involved. If the magnetic torque is not the only supporter of the
accretion, as in the case of the viscous simulations of Murphy et al. (2010), the above presented
relation might be relaxed. However, similar analysis can be performed to set the limit of the
magnetization with respect to other quantities.
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4.5.4 A Mobrriep Dirrusivity MODEL

This section presents a diffusivity model, which does not suffer from the accretion instability.
Although the standard diffusivity model provided the opportunity to probe a wider parameter
space, it is not applicable for very long-term studies.

Note that the transition from the a direct simulation of turbulence to the mean field approach,
which lacks the small scales by design, is indeed subtle. So far, in the literature, the jet launching
problem is addressed without considering the origin of the magnetic field by a dynamo. There-
fore, the only way of amplifying the magnetic field is by advection (or stretching in case of a
toroidal field). There is also no intrinsic angular momentum transport by the turbulence itself.
The only term needed to be modeled when applying a small-scale turbulence, is the effective
magnetic diffusivity. This might have surprising consequences. In order to suppress the turbu-
lence, one should rather amplify the effective diffusivity — leading to a stronger decay of the
magnetic field and resembling the quenching of diffusivity (or dynamo) — rather than decrease it,
leading to stronger advection and thus an amplification of the magnetic field. The main motiva-
tion of a new model for the diffusivity is to consider stronger feedback by the disk magnetization.
The accretion instability is overcomed by assuming a stronger dependence of a, on the mag-
netization,

2
Ty = U 2uo(ﬁ) , (4.24)
Ho

where @, = 1.55 and yyp = 0.01. Here the previous overall form and constants are preserved,
indicating that both models are the same at the magnetization u,. A quadratic dependence on
u was chosen in order to amplify the feedback. Choosing a power lower than two might have
revealed other complications, for example, feedback too weak to work fast enough, and keep @y
under the constraint of Equation 4.22. This diffusivity model is referred as the strong diffusivity
model.

4.5.5 THE LoNG-TERM Disk-0UTFLOW EVOLUTION

The strong diffusivity model allows to overcome the accretion instability. As a result, it is pos-
sible to perform the simulations for much longer times, reaching evolutionary time steps of
t > 150, 000 which corresponds to approximately 25,000 revolutions at the inner disk orbit.

Figure 4.17 shows the typical computation domain and the initial dynamics of the system. As
usual, the evolution starts with the propagation of the toroidal Alfvén wave, resulting in a prop-
agating cocoon. At this point, the innermost area (R < 10) has reached a quasi-steady state,
while the outer part has not even slightly moved from the initial state. Figure 4.18 presents the
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same simulation at a later state when a strong outflow has been developed. Notice the difference
between the inner part, r < 200, and the outer part, » > 200. The inner part has already relaxed
to a steady state, while the outer region shows rapid accretion and ejection patterns. This is a
direct consequence of the new diffusivity model. The logic behind implementing the enhanced
feedback is valid only when the accumulation of the flux is possible. The initial imbalance be-
tween advection and diffusion in the outer part leads to a rapid advection of the magnetic flux to
the inner disk. As a result, the rapid accretion further leads to higher inclination angles of the
magnetic field (smaller angle with respect to the disk surface). This results in a higher efficiency
for the toroidal magnetic field induction, thus leading to even more rapid accretion and ejection.

Figure 4.19 shows the long-term evolution on a small sub-grid of the simulation with the strong
diffusivity model. As can be seen, until time # = 10,000 only a small fraction of the disk has
dynamically evolved (up to R = 50), while at later times the outer parts of the disk also reach
a new dynamic state. A steady outflow is established from the whole disk surface (shown on
this sub-grid) and reaches a super-fast magnetosonic speed. Note that the positions of the critical
MHD surfaces are constant in time, which is a further signature of a steady state.

The outflow reaches maximum velocities typically of the order of 100 km s~! for YSOs, or 70,000
kms~! in case of AGNs. Concerning observationally relevant scales, the simulations compare to
the following numbers. The numerical grid is comparable to 150 AU for YSOs, and 0.14 pc in
the case of AGNs Physically more meaningful is the grid size where the simulation has reached
a steady state. This is a size comparable to 25 AU for YSOs, and 5000 AU in the case of AGNss,
but can be extended by running the simulations longer. The dynamical timescale of 150,000 time
units (or 25,000 disk orbits) corresponds to about 550 yr in the case of YSOs and about 200 yr
in the case of AGNs. Typical accretion rates of the simulations are 3 X 107’Mg yr~! for YSOs
and 0.1M, yr™! in the case of AGNs, but one has to keep in mind that these values depend not
only on the intrinsic scaling of the central mass and inner disk radius, but also on the scaling of
density. Therefore, the most extended and longest MHD simulations of jet launching obtained is
presented so far—connecting the jet launching area close to the central object with the asymptotic
domain which is accessible by observations.

Although a spherical grid is computationally very efficient and may allow to extend the compu-
tational domain to almost any radius, in reality its application for the jet-launching simulations
is somewhat limited. There are two reasons for that. First, it takes obviously much longer time
for the outer disk areas to evolve into a new dynamical steady state. Thus, the outer disk will
remain close to the initial state of the simulation for quite some time. Second, a more severe
drawback is the lack of resolution for the asymptotic jet. For example, for distances R > 500R,
along the rotational axis, a jet radius of about rj; ~ 25 can be resolved only by about five grid
cells (applying a typical resolution). Therefore the computational domain for such grid size is
restricted to about R, =~ 1000 — 2000R,. The above-mentioned resolution issue is in fact one of
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Figure 4.17: Initial evolution of the strong diffusivity setup at 7 = 1500. The colors represent the
logarithm of density (left) and speed (right), the black lines denote the magnetic field, the arrows the
normalized velocity, and the white line shows the Alfvén surface. Arrows show normalized velocity
vectors.

the advantages for using cylindrical coordinates for jet formation simulations.

4.5.6 REsuLTS OF THE STRONG Dirrusivity MODEL

By design, the purpose of the strong diffusivity model was to avoid the accretion instability. As
a consequence of this application, the magnetization profile does not decrease with radius (see
Figure 4.20) Although both simulations (with standard and strong diffusivity model) start from
the same initial disk magnetization, the disk evolution results in a quite different magnetization
distribution. The standard diffusivity model (the reference simulation from above) results in a
magnetization profile decreasing with radius. In contrast, for the strong diffusivity model a rather
flat magnetization profile emerges. In non-viscous simulations, assuming radial self-similarity, a
flat (or not decreasing with radius) profile is essential for sustaining a continuous accretion flow
at any given radius.

As soon as a steady state is reached, the evolutionary track for this simulation is represented
by a simple dot in all (u, X) diagrams (at least from 1000 to 150,000 time units). The mean
inner disk magnetization is g ~ 0.012. This simulation fits to every relation presented above,
such as mass and energy flux ratios, or magnetic shear, that were derived, applying a standard
diffusivity model. In other words, the aforementioned dots belong to the curves drawn in the
(u, X) diagrams.
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Figure 4.18: Time snapshot of the strong diffusivity setup at 7 = 150, 000. Shown are the density (colors,
in logarithmic scale), the poloidal magnetic flux (thin black lines), the sonic (red line), the Alfvén (white
line), and the fast magnetosonic (white dashed line) surfaces. Arrows show normalized velocity vectors.
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Figure 4.19: Time evolution of the disk—jet structure for the strong diffusivity simulation. Shown is the
evolution of density (colors, in logarithmic scale), the poloidal magnetic flux (thin black lines), the disk
surface (thick black line) the sonic (red line), the Alfvén (white line), and the fast magnetosonic (white
dashed line) surfaces.
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Figure 4.20: Magnetization distribution throughout the disk for reference and the strong diffusivity model
at T = 10,000. The dashed line marks the initial magnetization.

There are several distinct features one can derive from the resulting magnetic field structure.
Figure 4.21 shows the toroidal to poloidal magnetic field component ratio. Taking into account
that the disk magnetization (calculated from poloidal component only) is uniform, three different
regions can be distinguished. The first region is between the midplane and the disk surface where
the toroidal magnetic field reaches its maximum and the torques change sign. The second region
is between the disk surface and the Alfvén surface where the ratio of the field components is
quite constant. The third region is beyond the Alfvén surface when the poloidal component of
the magnetic field becomes weak enough to keep a rigid magnetic field structure and the toroidal
component starts to dominate the poloidal one.
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Figure 4.21: Ratio of the toroidal to poloidal magnetic field for the strong diffusivity model at T =
10,000. The lines represent the disk (thick black line), the sonic (red line), and the Alfvén (white line)
surfaces. Arrows show normalized velocity vectors.
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Physical quantities along midplane
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Figure 4.22: Physical quantities along the midplane for the strong diffusivity model. The colors show
different variable profiles, the thick dashed lines correspond to certain power laws, and the mismatched
thin dashed lines correspond to the initial distributions of variables. The vertical dashed line marks r =
200.
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4.5.7 DyNAMICAL PROFILES OF A STEADY STATE ACCRETION DIsK

In this subsection, the disk structure in a steady state is further explored. Figure 4.22 presents
the radial profiles of certain magnetohydrodynamical variables along the midplane. The profiles
derived from the numerical simulations with their approximations by power laws are shown and
compared to the initial distribution. These radial profiles are obtained along the disk midplane,
however, they also hold for at least one disk semi-height. The thetoidal profiles that normalized
to the corresponding midplane value (not shown here) almost coincide with each other, indicating
that the assumption of a self-similar disk is in fact reasonable, though different power indexes
should be used.

In particular, Figure 4.22 shows how the disk structure evolves from a certain initial power-law
distribution into another power-law profile. Distinct power-law profiles are present for radii up
to R < 250. This corresponds to the area where the disk evolution has reached a steady state. For
very small radii, R < 1.1, a deviation from a power-law profile are also seen, which is considered
as a boundary effect.

At time ¢ = 150, 000, the following numerical values for the power-law coeflicients Sx for the
different variables at the midplane X(r,6 = m/2) ~ r’* are found. The disk rotation remains
Keplerian throughout the entire evolution, thus By, = —1/2. The radial profiles for density and
gas pressure slightly change from their initial distribution. The density power-low index changes
from B, = =3/2 to B, = —4/3, while the pressure changes from gp = —5/2 to gp = -20/9.
For the accretion velocity, a profile of By, = —2/5 is found, and Bz, = —10/9 for the magnetic
field. As a consequence, the profile for the magnetization remains about constant 8, ~ 28,/Bp =
(—=20/9)/(20/9). The accretion velocity remains subsonic over the whole disk with an accretion
Mach number of V;/C, ~ 0.1.

Following Ferreira & Pelletier (1995) and considering the mass accretion M,.. ~ R?pVy, it is
easy to get the ejection index & = 0.26. This is in accordance with previous work Sheikhnezami
et al. (2012).

4.5.8 DiscussioN oF THE NEw Dirrusivity MODEL

The strong diffusivity model, Equation 4.24, does not necessarily lead to a flat magnetization
profile. The model does not directly force the magnetization to be uniformly distributed — in
contrast, the profile is expected to be outwardly increasing. As previously showed, the magneti-
zation profile is linked to the ejection index and it has to be positive if the sound speed remains
as initially distributed. The disk hydrodynamics changes such that the magnetization of the disk
remains flat, thus satisfying Equation 4.23.
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Another way of reasoning is the following. In the case of a flat magnetization profile the result
of the simulation is no longer sensitive to the diffusivity model. In other words, it is possible
to switch back from the new diffusivity model to the standard model when the radial magne-
tization profile is uniform (along the midplane). However, the diffusivity parameter a;, has to
be correspondingly re-normalized. The only substantial deviation from a uniform profile is in
the innermost disk, which might be influenced by the boundary condition. In fact, such a test
simulation is performed, switching back from a strong diffusivity to a standard diffusivity model.
As expected, the accretion instability begins to manifest itself similarly as before, leading to the
typical magnetization profile (increasing toward the center). However, it takes a much longer
time to substantially affect the outer parts of the disk.

The steady state solution achieved when using the strong diffusivity model, perfectly fits the
results obtained by the standard model (shown previously as a dot in the plots). This actually ap-
proves that the main agent in driving outflows is the actual magnetization, and that the magnetic
diffusivity is only the mediator through which the magnetic field structure is being governed.
A self-consistent treatment of turbulence is not yet feasible in the context of outflow launching.
Therefore, what should be considered first, is the resulting magnetic field strength and distribu-
tion, but not the diffusivity model itself.

4.6 CONCLUSIONS

The results of MHD simulations were presented, investigating the launching of jets and outflows
from a magnetically diffusive accretion disk. The time evolution of the disk structure is self-
consistently taken into account. The simulations are performed in axisymmetry applying the
MHD code PLUTO 4.0. In contrast to previous work, a spherical coordinate system and numeri-
cal grid were applied, which implies substantial benefits concerning the numerical resolution and
the stability (in time evolution) of the simulations.

In particular, the following results were obtained.

(1) The numerical setup in spherical coordinates for disk—jet-related problems is very robust.
The use of spherical geometry in the context of the outflow launching cannot be underestimated.
It allows to study the launching of outflows for very long time (more than 150,000 time units)
on highly resolved (up to 24 cells per disk height) and at the same time very large (1500 ry)
domains. On the other hand, a spherical grid somewhat limits the study of jet propagation,
since the resolution far from the origin becomes low. The rather low resolution in the outer disk
region, where the dynamical timescales are long, helps to smooth out small-scale disturbances,
thus helping to establish a steady state.
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(2) The study has approved a robust disk-outflow structure: however, for the highest resolution,
the evolution is prone to have some more fluctuations. The ability to evolve the disk for a very
long time disentangles the complex interrelations between the essential quantities for the jet
launching. Those are the disk actual magnetization ( at a certain time and averaged for a certain
location), the mass, energy and angular momentum fluxes, and the jet terminal velocity.

(3) The main result is that it is the actual rather than the initial disk magnetization that plays a
key role for the jet formation and directly affects the accretion power. The value of the initial
magnetization can fail to properly characterize the disk—jet properties, but sets the overall jet
torque and the disk’s magnetic reservoir. This becomes obvious for very weakly magnetized
disks (1o = 0.003). In this case, when choosing a low magnetic diffusivity, the magnetic flux
can still be accumulated to a high magnetization in the inner disk. The actual magnetization
necessary for sustaining a stable jet is of the order of 1073, that is in accordance with Murphy
et al. (2010).

(4) The ejection Mach number in the case of a moderately strong magnetization (u < 0.15) is
linearly related with respect to the disk magnetization. This is indeed consistent with the linear
to the magnetization the mass ejection to accretion relation. The mass ejection index (the ratio
between ejection and accretion) is about 0.3 and thus is similar to the literature values.

(5) In case of uniform magnetization, the MHD disk quantities show a self-similar structure, i.e.,
resulting in approximately the same vertical profile, and a radial power-law distribution. In the
case of the strong diffusivity model, the corresponding power-law indices for all MHD quantities
were presented, although these power-law indices may directly depend on the actual strength of
the magnetization. This would be a natural consequence of the ejection index being a function
of magnetization as well.

(6) There are two principally different regimes for outflow launching, which are complementary
to each other. In the case of weak magnetic fields (below u = 0.03), the signatures of a strong
magnetic shear are present, which results in le