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Chapter 1

Introduction

WHAT THE DEUCE IS THE SOLAR SYSTEM TO ME? YOU SAY THAT WE GO ROUND
THE SUN. IF WE WENT ROUND THE MOON IT WOULD NOT MAKE A PENNYWORTH
OF DIFFERENCE TO ME OR MY WORK.

Sherlock Holmes, A Study in Scarlet

1.1 Astrophysical magnetohydrodynamics

The evolution of many astrophysical systems is strongly influenced by magnetic fields. Exam-
ples of such systems can be found on all astrophysically relevant scales, from stellar interiors and
atmospheres to accretion discs around black holes, extragalactic jets and the gas in galaxy clusters.
Important issues in the study of such systems can be summarised as follows:

1. How is the magnetic field built up and maintained against dissipative losses?
2. How does the magnetic field affect the dynamics, the interaction of matter and radiation,
and the observables?

In some situations both questions can be addressed independently of each other, but usually the
amplification of the magnetic field and the dynamics of the fluid are tightly coupled and one cannot
consider any of these questions without taking into account the other one. This tight coupling
makes the full problem fairly complex and limits the applicability of analytic methods. Thus,
numerical simulations are an indispensable tool in the investigation of magnetised systems in
astrophysics.

One case in which this is particularly true is the study of instabilities and turbulence in a mag-
netised fluid. The reason for this is deeply related to the basic properties of magnetic turbulence.
Important quantities characterising turbulent magnetic and velocity fields are the respective ener-
gies and the so-called helicities. The evolution of these quantities is dominated by the direct and
inverse cascades. A quantity following a direct cascade is created or injected to the fluid at large
length scales (integral scale), from which it is transferred down to ever smaller scales where it
ultimately is dissipated (viscous scale). An inversely cascading quantity, on the other hand, has
its source at small length scales and is transferred to the integral scale. In the intervening inertial
range of length scales, its distribution with wave number typically follows a power law scaling.
In a turbulent magnetised fluid, different scaling laws and different cascade directions exist for
different quantities. As a consequence, even if the magnetic field may be negligible on one length
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scale, e.g., the integral one, it still can — and in many cases will — dominate the dynamics of the
fluid on a different scale. Thus, simplifications of the coupling between magnetic fields and the
fluid may be particularly inappropriate for turbulent fluids, making turbulent dynamics a topic in
which numerical simulations are of particular importance.

In many cases, the dynamics of these objects can be modelled very well using the assump-
tions of magnetohydrodynamics (MHD). The theory of MHD describes the joint evolution of an
electrically conducting fluid and a magnetic field permeating the fluid. Based on the equations
of hydrodynamics (HD) for the fluid flow, the Maxwell equations for the evolution of the electro-
magnetic fields, and the description of the fluid-field interaction by Lorentz’s law for the electro-
magnetic force and Ohm’s law for the current density, the MHD system constitutes of conservation
laws for mass, momentum, energy, and magnetic flux. As a continuum theory, it neglects kinetic
phenomena and its applicability is limited to collisional systems and to length and time scales
much larger than the Larmor radius and the gyration time of the particles. Though extensions such
as two-fluid MHD and Hall MHD exist, in most astrophysical applications one can safely apply the
simpler one-fluid MHD model which does not treat the electronic and ionic components of the fluid
separately.

The success of the application of MHD in many fields of astrophysics is a relatively recent devel-
opment, due in large part to the increasing performance of supercomputers and the development
of stable and accurate numerical schemes. Well resolved multidimensional simulations of turbu-
lent or highly dynamic systems have become possible only in the last decades, and, still, there are
many open physical questions as well as a strong need for technical and numerical improvements.
Thus, we focus on the implementation of new numerical methods which allow us to study the dy-
namics of magnetised matter in the dynamic final stages of stellar evolution. The numerical code
we design has to follow the — potentially turbulent — evolution of the magneto-fluid in smooth flow
regions with high accuracy while robustly dealing with the strong discontinuities that may ensue
where the flow is supersonic. Furthermore, it has to be both modular and efficient to allow for sim-
ple adaptation to a given physical system and for a detailed investigation of interesting phenomena
using extensive parameter studies or highly resolved simulations.

1.2 Supernovae and gamma-ray bursts

The prime targets we want to apply our code to are the explosive events at the end of the
evolution of a massive star and the accretion system around a neutron star (NS) or a black hole (BH).
In the following, we will provide a short introduction to the physics of these systems.

1.2.1 Core-collapse supernovae
General considerations

The commonly accepted model of a core-collapse supernova (SN) is the convectively supported
neutrino-driven explosion mechanism which we will briefly explain in the following.

The stability of a massive star (M = 8M,)) is the result of the balance between its own gravi-
tational force and forces directed outwards such as pressure gradients and the centrifugal force.
As long as a main-sequence star maintains the energy-producing nuclear reactions in its central
regions, the large thermal pressure provided by these reactions can counteract the gravitational
pull, and, as a result, the star remains in a state of hydrostatic equilibrium during most phases of
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its life. As soon as it has consumed its nuclear fuel, these reactions cease. This happens, when,
after successive stages of hydrogen, helium, carbon, oxygen, and silicon burning, the inner core
of the star consists mainly of iron-group elements, the most tightly bound nucleus from which no
energy can be gained by nuclear reactions.

Suffering a decrease of the the main forces that balance gravity, the core starts to collapse
from an initial central density of p ~ 10'° g cm™3. Due to deleptonisation reactions, the electron
fraction of the core, Y,, decreases from about 0.5 in the pre-collapse core to about 0.2 in the
collapsed core. As the core deleptonises, a large number of neutrinos is produced to which most of
the gravitational binding energy liberated in the collapse is transferred. Despite the tiny reaction
cross sections of neutrinos and matter, the neutrinos eventually are trapped within the core as
densities above p ~ 10'2 gcm™> are reached. Rather than leaving the core freely streaming,
neutrinos diffuse out on timescales that are comparable to or even larger than the hydrodynamic
(infall) time.

Within less than a second, the central density of the core reaches and exceeds nuclear-matter
density, pnye ~ 2 x 10'* g cm ™3, forming a proto-neutron star (PNS). At this point in evolution, the
pressure of the innermost regions increases strongly with density due to the near incompressibility
of nuclear matter, and, consequently, a strong shock wave forms at the boundary of the subsoni-
cally collapsing inner core. Propagating outwards through the supersonically infalling outer core,
the shock looses a large amount of its energy due to the endothermic dissociation of shock-heated
heavy nuclei. The shock wave stalls and turns into a standing accretion shock.

The shock wave can be revived by the energy that is transferred to the fluid by the neutrinos still
present in the core and diffusing outwards. The transfer of a few percent of the neutrino energy
is sufficient to unbind the gas behind the shock surrounding the PNS and revert the accretion into
an explosion. Whether or not interactions such as scattering, emission, and absorption processes
provide a sufficiently tight coupling of neutrinos and matter has to be studied in detail. At least for
the stars above a mass of M ~ 11M., an additional ingredient appears to be crucial: the develop-
ment of hydrodynamic instabilities such as convection or the standing accretion shock instability.
Overturn motions caused by these instabilities enhance the efficiency of the neutrino heating of the
gas. According to detailed simulations (e.g., Scheck et al. 2006), a flow pattern dominated by low-
order modes, characterised by only a small number of outflows and downdrafts, evolves. In two-
and three-dimensional numerical simulations, this flow pattern is found to be particularly efficient
in triggering the explosion and to provide a natural explanation for the asymmetries observed in
many SNe as well as the large spatial velocities of newly born NS.

The physics of core-collapse SNe is very rich and complex, involving the theory of the state of
matter at high densities, the radiative transfer of neutrinos, the interactions of neutrinos with matter
and of nucleons and nuclei among each other, general relativity, and (magneto-)hydrodynamics.
Moreover, investigations of SNe assuming spherical symmetry prove to be incapable of explain-
ing the explosion phenomenon. Instead, two-dimensional (axisymmetric) or, preferably, uncon-
strained three-dimensional simulations are required for this purpose. Putting all these ingredients
adequately and accurately together into an explosion model still exceeds current computational
capabilities. Thus, one cannot avoid assumptions and approximations concerning the physical
content of the model. Various authors have made approximations at different levels, or have even
neglected some physical aspects entirely. A large number of studies completely ignore neutrino
transport and employ a very simplified nuclear equation of state (EOS), whereas others treat these
microphysical aspects in great detail and with great accuracy, e.g., by solving the Boltzmann
equation of radiative transport. The latter approach usually leads to extremely time-consuming
simulations which do not allow for a comprehensive exploration of the large parameter space of
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possible progenitor stars.

In this work, we will present a numerical method which falls between these two extremes: it
solves the equations of classical MHD in one, two, or three dimensions, uses a detailed microphys-
ical EOS, and treats the neutrino transport with a method of intermediate complexity and accuracy.
This approach is well suited for investigating the explosion in 2d or 3d in a parametric way.

Rotation and magnetic fields

If the pre-collapse core rotates or is endowed with a magnetic field, the basic mechanism de-
scribed above may be subject to some modifications, which are, however, are not yet understood
fully.

During collapse, the angular momentum of a fluid element changes only little. Thus, the rota-
tional energy of the core increases, both in absolute number and relative to the gravitational energy
from which it is diverted. Furthermore, the homologous infall profile (i.e., the infall velocity is
proportional to the radius) leads to an increasing degree of differential rotation, which enhances
possible effects of the rotation strongly. An important effect may come from the centrifugal force
helping the matter to overcome the gravitational force; a further, more uncertain, possibility is that
the post-collapse core is unstable against rotational instabilities.

The magnetic field of the core can become dynamically important, if its energy reaches equipar-
tition with the internal energy. In this case, it can influence the dynamics of the core in several
ways:

1. By virtue of its Lorentz stress, the magnetic field can transport angular momentum from the
PNS outwards along open field lines. Thus, the decreasing rotational support will enforce
changes in the PNS structure. Potentially, the PNS can undergo a phase of secular contraction
leading to higher densities.

2. The rotational energy lost in such a process can be transferred to the layers surrounding the
PNS. Thus, leading to additional energy input, the magnetic field may help to unbind these
layers and thus facilitate the explosion.

3. Magnetic fields, in concurrence with rotation, may trigger the formation of jet-like out-
flows up to Lorentz factors of a few. Even if the magnetic field is not initiated magneto-
centrifugally, the field can alter the shape of the explosion, inducing a bipolar geometry of
the ejecta.

4. The evolution of hydrodynamic instabilities such as convection can be modified signifi-
cantly in the presence of a strong magnetic field. Since these are crucial for the explosion
mechanism, this effect may be important.

5. Additionally, the microphysical state of the gas and its interactions with neutrinos can be
subject to modifications in a strong magnetic field, e.g., by the coupling of the magnetic
moments of elementary particles to the field, or by leading to anisotropies of microscopic
transport coefficients such as heat conduction or viscosity.

To lead to such effects, however, the magnetic field must be strong, i.e., in equipartition with the
internal energy. Since its typical pre-collapse strength is far below such values, it has to grow by
several orders of magnitude. A number of processes exist by which such a growth is feasible. In
the following, these processes will be reviewed.

The magnetic field of the initial core will be amplified during collapse by flux-conserving com-
pression. This process works irrespective of and without any influence on the seed field geometry.
It can be viewed as the Py, dV work the infalling matter does against the (isotropic) magnetic
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pressure Ppge as its volume V decreases. Hence, the kinetic energy of the infall mediates the
conversion of gravitational binding energy into magnetic energy.

If the core rotates differentially, a poloidal! magnetic field component can act as a seed for the
process of linear winding, also known as Q-effect. Creating a toroidal component, this process
increases the field strength linearly with time at the cost of the rotational energy.

The occurrence of these two amplification processes (compression and winding) is well estab-
lished by the results of several numerical simulations (e.g., Bisnovatyi-Kogan et al. 1976; Meier
et al. 1976; Miiller & Hillebrandt 1979; Symbalisty 1984; Yamada & Sawai 2004; Kotake et al.
2004; Ardeljan et al. 2005; Obergaulinger et al. 2006b,a; Cerda-Duran et al. 2007; Burrows et al.
2007). However, most simulations agree that, given the rotation rates and magnetic fields of pre-
collapse progenitors, they fail to produce dynamically important field strengths on hydrodynamic
time scales, i.e., within the time required for collapse or for the delayed explosion. Only for very
rapidly rotating models, accounting for merely a small fraction of progenitors, the conditions may
be favourable for strong amplification.

The post-collapse core is subject to several hydrodynamic instabilities, which can give rise to
a turbulent dynamo. In the so-called o effect, a turbulent velocity field creates a poloidal field
from a toroidal component, which then can act as the seed field for the Q effect. Both processes
together constitute a o — Q dynamo; even without rotation, a so-called &> dynamo can develop in
a turbulent layer.

A potentially very important field amplification mechanism is the magneto-rotational instability
(MRI), alocal linear MHD instability that operates if the angular velocity Q decreases with radius. A
particularly important feature of the MRI is that it represents a weak-field instability, i.e., it operates
on any given initial field no matter how weak. Thus, even if the initial field is negligible compared
to the local internal or kinetic energy, it may nevertheless impact the dynamics significantly via
the MRIL

The MRI was first discovered by Velikhov (1959); Chandrasekhar (1960). Although Acheson
(1978) studied the MRI and related instabilities in stars, the MRI did not attract much attention from
astrophysicists until Balbus and Hawley, in a series of papers (Balbus & Hawley 1991; Hawley
& Balbus 1991, 1992; Balbus & Hawley 1992a), identified it as a promising candidate for the
solution of a longstanding problem in high-energy astrophysics, viz. the creation of turbulence in
accretion discs (for a comprehensive review of this topic, see Balbus & Hawley 1998). To accrete
onto the central object, gas orbiting in an accretion disc has to lose its angular momentum. Already
Shakura & Syunyaev (1973) suspected turbulence to be responsible for the required transport of
angular momentum, but it was not clear what physical mechanism could excite it. Following the
initial suggestion by Balbus & Hawley (1991), a great number of studies, both analytical and
numerical, confirmed that indeed the MRI can provide a viable physical mechanism for this effect.

In recent years, additional interest in the MRI has grown in SN theory, after Akiyama et al.
(2003) demonstrated that post-collapse cores are likely to fulfil the instability criterion. This, as a
consequence, may open up similar possibilities as in accretion disc systems, e.g., the development
of turbulence and enhanced transport of angular momentum, even if the initial magnetic field
is weak. Although this does not imply that the magnetic field will be dynamically important, it
certainly indicates that one cannot safely exclude any magnetic influence on the evolution a priori.
Recently, MHD instabilities in PNSs, including the MRI were studied analytically by Masada et al.

'In spherical coordinates r, 0, ¢, the components B, and Bg of the magnetic field B constitute the poloidal field,
wheras the component By is called the toroidal field.
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(2006, 2007). These authors pointed out the importance of the non-axisymmetric MRI of toroidal
fields.

A problem of the subject is, however, the lack of detailed, more quantitative investigations
of the evolution of the MRI in SN cores, in particular of its nonlinear evolution. For accretion
discs, several authors have studied the instability numerically using different techniques. On the
one hand, well-resolved local simulations (Hawley & Balbus 1991, 1992; Hawley et al. 1995;
Brandenburg et al. 1995; Hawley et al. 1996; Stone et al. 1996; Sano et al. 2004; Fromang &
Papaloizou 2007; Fromang et al. 2007,e.g.) of a small part of an accretion disc allow for a detailed
exploration of the onset of the instability and the transition to turbulence under well controlled
conditions. These simulations have to assume simplified initial and boundary conditions, and
thus, they are usually performed in the frame of a more or less comprehensive parameter study
attempting to cover the space of possible conditions in an accretion disc. Global simulations of
the entire accretion disc (Hawley 2000; Stone & Pringle 2001; Arlt & Riidiger 2001; Hawley et al.
2001; Hawley & Balbus 2002,e.g., ), on the other hand, allow to study the effect of the overall disc
geometry and the interaction with the surrounding medium as well as the accretor while be unable
to accurately resolve the growth of the instability on small spatial scales. Though the combination
of results from these two kinds of simulations provides valuable insight into the physics of the
MR, its transfer from accretion discs to stars in general, and SNe, in particular is restricted by the
different physical conditions in the two systems:

1. Accretion discs are supported almost entirely by Keplerian rotation, whereas stars, including
post-collapse cores, are mainly stabilised by pressure, with a small or modest contribution
due to rotation. The growth time of the instability is of the order of the rotational period,
whereas the fundamental timescales of the system to which the growth of the instability
has to be compared are set for accretion discs by the rotational velocity and for stars by
the sound speed. Thus, in a star, the growth competes with, e.g., sound waves which are
considerably faster. Thus, the reactions of the two systems to MRI may differ significantly.
If the MRI develops in a highly dynamical background, as is the case in a SN, more and
even shorter timescales (e.g., related to fast accretion flows, explosion, radiation-matter
reactions) may be set by the characteristic times on which the background evolves. One of
the big uncertainties concerning MRI in SNe, e.g., is whether or not it grows fast enough to
play a role in the very rapid evolution of the explosion.

2. The larger importance of internal w.r.t. kinetic energy entails additional physics, viz. buoy-
ancy, and thus convection. In a star, in contrast to an accretion disc, a convectively stable
stratification may hinder the growth of MRI, whereas in a layer already convectively unstable,
the MRI will evolve substantially different than in discs, gradually forming into magnetocon-
vection. Since the envelope of a PNS can be unstable to various hydrodynamic instabilities,
this implies a considerable uncertainty.

Very much like in discs, the MRI in stars and SN cores can be investigated using global and local
simulations. In global computations, though using (over-)simplified physics, MRI was identified
by Obergaulinger et al. (2006b,a). These authors, however, pointed out a crucial problem of global
MRI simulations: the fastest growing unstable modes typically have wavelengths of the order of a
few meters or less, and with current computers, one cannot resolve these scales and at the same
time evolve the whole core. Local simulations, on the other hand, have not been performed so far.
Thus, there is a need for closing this gap by a parametrised investigation of the local growth and
nonlinear evolution of the MRI. One of the aims of this thesis is to present a newly developed code
able to perform such simulations and report on a parametric study of the MRI in SN cores.
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1.2.2 Gamma-ray bursts

The observational appearance of gamma-ray bursts (GRBs) is characterised by a short (up to
several seconds) outburst of radiation in the hard X-ray and soft gamma-ray bands from several 100
kev up to a few MeV. Two subclasses are distinguished according to the duration of the gamma-ray
emission: short and long bursts last for less than and more than about 2 seconds, respectively. For
both types, optical afterglows have been discovered which are delayed by several minutes w.r.t. the
gamma emission. For a recent review on GRBs, we refer the reader to, e.g., Zhang & Mészdros
(2004) and the references therein.

Commonly accepted characteristics of both classes are their extragalactic origin, the connection
to ultra-relativistic jet-like outflows, and the compactness of their central engine. These character-
istics suggest a common explanation by a short phase of intense accretion with accretion rates of
the order of 0.1 M /s onto a stellar-mass BH. The favoured models for the two classes differ in
the physical system in which the BH is embedded:

1. The collapsar model for long bursts assumes that the rapidly rotating core of a massive star
collapses in a SN-like event to a BH which starts to accrete matter from the surrounding stellar
envelope. Due to its large angular momentum, the accreting gas forms an accretion disc, and
a jet is launched by magneto-centrifugal forces and/or anisotropic neutrino emission. The
jet then drills through the overlying stellar layers into the interstellar medium.

2. Short GRBs are believed to originate from the merger of two compact objects, either a BH
and a NS, or two NSs. Due to the orbital angular momentum prior to merger, the post-merger
BH is surrounded by an accretion torus. The gravitational energy liberated in the accretion
is partially transferred to a jet which escapes basically into empty space.

The physics of a collapsar is fairly similar to that of a regular core-collapse SN, and it is sug-
gestive to think of a continuous sequence of massive star collapse ranging from ordinary SNe to
collapsars. In this view, the main factor determining the place of a collapsing star on this se-
quence is its structure, in particular its amount of rotation. As a consequence, our code, if suited
for SN, can be used for studying aspects of collapsar-type explosions as well, with, of course, the
limitation that the correct treatment of the nascent BH requires general relativistic gravity.

Mergers leading to short gamma-ray bursts, in contrast, differ considerably from SNe con-
cerning the importance of various physical effects, and thus, most numerical studies of their
evolution use methods quite different from the ones employed for SNe, e.g., smoothed particle
hydrodynamics (SPH) codes. The SPH method is a Lagrangian scheme for the solution of the HD
equations which is inherently adaptive in resolution; SPH is known to have problems in accurately
following the evolution of fluid instabilities (Agertz et al. 2007). Recently, it has been extended
to general-relativistic HD (e.g., Oechslin et al. 2002) and to MHD (Price & Monaghan 2004a,b,
2005; Rosswog & Price 2007) and successfully used in merger simulation (Rosswog et al. 2000;
Rosswog & Davies 2002; Rosswog & Liebendorfer 2003; Rosswog et al. 2003; Price & Rosswog
2006; Oechslin et al. 2002; Oechslin & Janka 2006; Oechslin et al. 2007).

Before the formation of a BH in the merger of two NSs, the two NSs are strongly deformed
by tidal forces. When they first touch each other, these deformations lead to the formation of a
rather broad contact surface. Matter from each of the two stars streams along this surface with a
tangential velocity given approximately by the rotation of the NS. Generically, the two stars rotate
rapidly, and, in many cases, the spins are aligned. Consequently, the tangential velocities of fluid
elements on either side of the contact surface differ by a large amount. The velocity difference is
maximum, viz. the sum of the two rotational velocities, for aligned rotators. It is well known that
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a jump in tangential velocity across a thin transition layer is unstable to the Kelvin-Helmholtz (KH)
instability (e.g., Chandrasekhar 1961). The KH instability amplifies any perturbation of the layer,
smoothing out the transition and leading to enhanced mixing and dissipation of kinetic into thermal
energy. If the fluid is endowed with a magnetic field, the field will be amplified as the perturbations
grow. Eventually, it will become strong enough to react back on the instability and modify its
evolution. Whether with or without magnetic fields, the emergence of the KH instability can have
significant impact on the global evolution of the merger remnant by, e.g., mixing and heating.

The existence of the KH unstable sheet in mergers is well established by various global merger
simulations. However, the exact properties of the instability, and in particular the magnetic field
structure, may be subject to uncertainties due to numerical issues. Additionally, local simulations
of the KH instability with or without magnetic field exist, albeit with parameters that are not ap-
propriate for mergers. Thus, it is another goal of this thesis to present results of local simulations
of the KH instability using a high-resolution code that is particularly well suited to compute the
evolution of unstable turbulent media.

1.3 Plan of this thesis

The plan of this thesis is as follows: we will introduce the basic physical model which our code
is based and discuss some properties important for numerical applications on in Chapter 2. We
then proceed to discuss the numerical algorithms we implemented in Chapter 3. After presenting a
set of test calculations (Chapter 4), we will show the results of our simulations of the KH instability
and the MRI in Chapter 5. The final chapter, Chapter 6, will contain a short summary of the work
as well as some concluding remarks and an outlook on further research.



Chapter 2

The physical model

WENN MAN THEORETISCHER PHYSIKER WERDEN WILL, MUSS MAN SICH AUCH
FUR LOKOMOTIVEN INTERESSIEREN.

Werner Heisenberg!

Our goal is to develop a numerical code that allows us to simulate the evolution of magnetised
matter in stellar interiors and high-density accretion systems. To this end, the code has to cover a
wide range of physics. The theory of MHD provides a good description for the coupled evolution
of the magnetic field and the gas, which has to be complemented by an EOS characterising the
behaviour of the gas under the given physical conditions; we will elaborate on these in sections
2.1.1 and 2.1.2, respectively. Additionally, neutrino radiation can be of principal importance in
such systems. We will describe the relevant processes, assumptions, and equations of radiative
transfer (RT) and of neutrino-matter interactions in sections 2.2.1 and 2.2.2, respectively.

2.1 Magnetohydrodynamics of stellar interiors

2.1.1 Equations of magnetohydrodynamics

We seek to study the coupled evolution of an electrically conducting fluid permeated by a mag-
netic field by solving the MHD system. The MHD equations are based on

1. the equations of HD for a non-magnetised fluid,

2. the Maxwell equations for the electromagnetic fields,

3. and the description of the interaction of the fluid and the field components by Lorentz’ law
for the electromagnetic force and Ohm’s law for the current density.

Under the assumption of sufficiently large electric conductivity and sufficiently small velocities,
the electric field entirely drops out of the system. Thereby, purely electromagnetic waves are elimi-
nated, and the current density can be computed solely from the magnetic field and the conductivity.

lin Anita Ehlers, Liebes Hertz! Physiker und Mathematiker in Anekdoten, 1994, Birkhduser Verlag
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THE PHYSICAL MODEL

The equations of classical MHD result as follows

]
op' +V;[p'V + P87 b — TV = f,
diex+ VY [(ex+P)v —blvib! —Ty;] = i/

atp +V] [ij :07

(2.1a)
(2.1b)
(2.1¢)
(2.1d)
(2.1e)

where ¢ =2.998 x 10'% cm s~ is the vacuum speed of light and Einstein’s summation convention

applies.

symbol definition variable dimension
t time S

p gas density gcm™3

D momentum density gcems~!em™3
Vv p/p velocity cms™!

T TV,...) (viscous) stress tensor gcm?s 2
B magnetic field G

b \/l:%r magnetic field G

E E®.7,..) electric field G

i \/276 x b electric current density

€ internal energy density erg cm >
€in 1PV kinetic energy density erg cm >
€mag %Bz magnetic energy density erg cm >
ey €+ exin +emag  total energy density erg cm >
P P(p,e,...) gas pressure erg cm >
Prag %Bz magnetic pressure erg cm ™3
P, P+ Prag total pressure erg cm >
v,n,¢ general, shear, bulk viscosity

c scalar conductivity

R % scalar resistivity

Vi % magnetic viscosity

f external force density dyn cm ™3
(0} gravitational potential cm?s 2

Table 2.1: Summary of MHD variables. We give the symbols used throughout the thesis, the
definition of the variable, and its dimension in cgs units. For some of the variables, viz. E, %P,
no general definition can be given. Instead, a particular model has to be assumed; the reader is
referred to the main text for a more thorough discussion of such models.

The definitions of the symbols used in equations Eqns. (2.1) and in the following equations are
summarised in Tab. 2.1. A few comments are in order regarding the variables and equations:

1. We will denote a partial differential equation (PDE) of one of the general forms

atu—i—%‘ﬁ
Qi+ V xF

S,
S

(2.22)
(2.2b)
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a conservation law. In Eqn. (2.2a), the variable u can be a scalar, vector, or in general a
tensor of rank r; S and F are tensors of rank r and r+ 1, respectively. In contrast, Eqn. (2.2b)
is necessarily a vector equation. For both equations, the variable u is conserved, i.e., its
integral over a given domain (a volume for Eqn. (2.2a) or an area for Eqn. (2.2b)) only
changes due to fluxes F across the boundary of the volume or along the boundary of the
domain and due to sources S generating or destroying # within this domain. If the sources
vanish, the integral of u over the entire space is constant. We will refer to Eqn. (2.2a) and
Eqn. (2.2b) as Gauss and Stokes equations, respectively.

2. If we integrate the conservation laws, Eqn. (2.2) over volume V or surface A, we can trans-
form them using the Gauss or Stokes theorems, getting

/ AVou+ ¢ dA-F = / davs, (2.3a)
v dvy v

/ dA i+ 7{ dLF — / dAS. (2.3b)
A o A

3. The MHD equations constitute a system of conservation laws. If external forces and losses
through the surfaces d'V of a volume V can be ignored, then the following integral quantities
of the system will be conserved:

* mass, # = [yp dV,

+ momentum, & = Jypdv,

* total energy, & = [ye,. dV,
and, analogously, if losses through the boundary dA can be ignored, the magnetlc flux
through a surface A, &4 = [ AB d.A will be conserved. The variables p, p,e*,b form
the set of conserved variables of the system, as opposed to the primitive variables p,V, P, b
which determine the thermodynamic state of the gas.

4. A model of the thermodynamical properties of the gas is required for determining the EOS,
i.e., the dependence of the gas pressure as a function of the conserved variables. We will
discuss the models implemented in our code in Sect. 2.1.2.

5. The shear viscosity 1 and the bulk viscosity § of a gas give rise to a viscous stress tensor

2.2 -
=0 <VkVi + Vi = 36V \7> + 88V 7. (2.4)

For ideal MHD, 1 = 0 and { = 0, and the viscous stress tensor vanishes. Otherwise, the
importance of viscous stresses w.r.t. ideal terms such as advection can be quantified by the

dimensionless hydrodynamic Reynolds number (or Reynolds number for short)
Re = g, 2.9)

v

where L and U are typical length and velocity scales, and Vv is short-hand for i or §. If
Re > 1, the dynamics is dominated by the ideal terms. The dynamics of many systems is
influenced strongly by small-scale fluctuations of their velocity or magnetic field, e.g., due
to turbulence. Quite commonly, numerical simulations fail to resolve properly these fields
due to limitations of their spatial accuracy. In such a situation, a trurbulent stress tensor T"*

may account for the macroscopic transport properties of the small-scale fields.
6. The electric field E = E'd  Enonid comprises an ideal contribution and a resistive contribu-
tion due to the finite conductivity of the gas. The ideal field can be determined from first
principles, but the non-ideal field requires a model of the electromagnetic properties of the
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10.

conducting medium. In Eqn. (2.6b), we assume the simplest model, viz., an isotropic (i.e.,
scalar) conductivity o:

. Voo
EY=_"xp, (2.62)
c
- - C - —
E™ =~V xb. (2.6b)
4wo
C e 1 . . . 2
For future reference, we define the resistivity R = _ and the magnetic Viscosity Vm = 775-

For infinite conductivity, only the ideal field has to be considered. If o < oo, the magnetic
Reynolds number
Rem = — 2.7
m= 2.7
is a measure of the relative importance of ideal and resistive terms: for Rey, > 1, the ideal
ones dominate. Analogously to a turbulent stress tensor, a furbulent electric field can be
used to model the influence of the small-scale dynamics on the macroscopic magnetic field.

. The electric current of the gas can be computed from the magnetic field by

- c
a var

It does not depend on the conductivity. For a given o, its connection to the electric field
follows from Eqns. (2.6) and (2.8a):

V % b. (2.82)

f:o<E+vxZ>. (2.8b)

. The most relevant external force, f, in our applications is gravity,

—

fo=-pVo, (2.92)

where the potential ¢ can be given externally or result from the self-gravity of the gas. In
Newtonian theory, ¢ can be computed from the density of the gas according to Poisson’s
law,

V2 =4mp. (2.9b)

To achieve a better approximation of general relativistic gravity, the Newtonian potential
can be modified by several correction terms following Marek et al. (2006).

The specification of the EOS, the models for ¥ and E , and the external force close the MHD
system Eqn. (2.1) and allow for a solution.

We can recover the Navier-Stokes equations of non-magnetic HD from Eqns. (2.1) by setting
the magnetic field equal to zero. If we additionally disregard ¥, we arrive at the Euler
equations.

The HD and magnetic Reynolds numbers depend on material properties of the fluid, viz. the
viscosities and the resistivity, as well as on its dynamical state, i.e., characteristic length scale
and characteristic velocities or magnetic fields. Since they are a function of the length scales of
interest, the Reynolds numbers are large (> 1) for the longest length scales in the system but
become increasingly small for ever smaller scales.

A flow with a sufficiently large Reynolds number can undergo a transition to turbulence. In this
case, it develops a turbulent cascade in which kinetic (and magnetic) energy is transferred from
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the integral scale to ever smaller scales. The cascade terminates at the scale where the Reynolds
number becomes unity, L ~ v /U, at which the turbulent energy is dissipated into heat.

Under the conditions we are interested in, i.e., the dense interior of compact objects such as
NSs, v and v, are fairly small: Thompson & Duncan (1993) estimate typical values in neutron
stars as Vy ~ 108cm?s™!, v, ~ lecm?s™! for the viscosity due to neutrinos and electrons and
Vin ~ 10~*cm?s~! for the magnetic viscosity. The viscosities due to neutrinos and electrons
differ by several orders of magnitude, but, as Thompson & Duncan (1993) argue, both viscosities
may be important in NS, albeit in different regimes. The Reynolds numbers following from these
estimates are of the orders Re, ~ 10*, Re. ~ 10'°, and Rey, ~ 10'7. The values cited here refer
to the innermost hot, dense regions of the core. In the surrounding regions, the values may be
even higher; furthermore, the viscosity is dominated by electrons in these regions, and, hence, the
higher value for Re applies. As a consequence, we neglect hydrodynamic and magnetic viscosity,
but we have to treat turbulence correctly. Unfortunately, we will not be able to resolve the full
turbulent cascade due to its huge range of spatial scales demanding unattainable computational
resources. Thus, we potentially have to consider turbulence models such as turbulent stress tensors
and electric fields. However, in the first place, we will focus on ideal MHD.

2.1.2 Matter models
We shortly describe the implemented EOS, the physical model behind them, and their applica-
bility in our study.
Ideal-gas EOS
For an ideal non-degenerate gas, the pressure is a function of the internal energy only,
P=(I'-1)g, (2.10)

with the adiabatic index I'. Two important limiting cases can be distinguished according to the
mean kinetic energy of the gas particle: non-relativistic and relativistic particle velocities corre-
spond to I' = % and I' = %, respectively. Temperature 7' and entropy S of the gas are given by:

T=kne, (2.11a)
S=kne, (2.11b)
and the sound speed is
re
2=—. (2.12)
p

Here, k = 1.38 x 10~'®ergK~! is the Boltzmann constant and 7 is the number density of gas
particles.

Barotropic EOS

For a fully degenerate gas, pressure and internal energy decouple, and P is a function of p only:

P=xp'. (2.13)
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In the simplest case, k and I" are constants, but they may as well be functions of p. If we set these
functions to

r— {Fsubnuc if p < Pnuc, c— {Ksubnuc if p < Pruc, (2.14a)

Iiue if p > Puc, Knuc if p > Pnuc,

we can use the EOS as a rough approximation of nuclear matter. To account for degenerate matter
composed of symmetric nuclei at subnuclear densities and for the stiffening of the EOS at nuclear
densities, the constants will be set to

4
Coubnue < 3 Thue ~2..2.5, Koubnue = 4.897 x 10 [cgs]. (2.14b)

The remaining constant ky,. follows from the requirement that the pressure is continuous at p =
pnuc‘

The gas is characterised by vanishing temperature and entropy, 7 = 0 and S = 0. Thus, this
EOS cannot account for heating of the gas, e.g., due to shock waves. It nevertheless can provide a
simple approximation of the state of the matter in cold NS and white dwarfs.

The thermodynamics of the gas does not depend on the internal energy; on the contrary, it is
possible to compute the value of the internal energy from the pressure:

el =T-1)"'p (2.15a)
e = (Tabme—1)7'P €% = (T —1)"'P—Tp. (2.15b)

Eqn. (2.15a) is the general expression for a constant I', whereas Eqn. (2.15b) holds for the nuclear-
matter approximation Eqn. (2.14). In the latter case, the term linear in p is a consequence of the
continuity of € at pyyc, and the constant " can be determined from this condition. For the sound
speed, a relation equivalent to Eqn. (2.12) holds.

Hybrid EOS

Combining the barotropic and the ideal-gas EOS, a simple analytic hybrid EOS can be derived.
We add a barotropic pressure B,, given by Eqns. (2.13) and (2.14), and a thermal pressure P
given by an ideal-gas law. The exact form of the EOS can be derived from the constraint that
the sum of the internal energies associated with the barotropic and the ideal-gas partial pressures,
cf. Egns. (2.15) and (2.10), must equal the total internal energy of the gas. Defining a thermal part
of the internal energy,

gh —¢g—gpol (2.162)

where £P°! is given by Eqn. (2.15), we find the total pressure

P = P4 prol, (2.16b)

Ph=(rh—1)gh  prol — ypleo, (2.16¢)
With the barotropic parameters of Eqn. (2.14) and I'" = %% this EOS can serve as a simple
matter model for NS and SNe. It was used in a number of parametric studies of selected aspects of
SNe (e.g., Zwerger & Miiller 1997; Dimmelmeier et al. 2002; Obergaulinger et al. 2006b,a). The
sound speed can be computed from the sound speeds due to the barotropic and the ideal parts:
> Fpol Ppol + Fth Pth
’ p

C

2.17)
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For later use, we define an entropy-like variable for this EOS,

Pth

(2.18)

Shen’s microphysical EOS

As a common characteristic, the EOS discussed so far share their simplicity, being given by
simple analytic formulae. Their applicability, in contrast, is quite different: the ideal-gas EOS
provides a very good description of stellar matter under a wide range of conditions, whereas the
barotropic and hybrid EOS are only rough approximations for the specialised case of a high-density
gas. A more realistic EOS for matter around and above py,. requires a detailed modelling of
the interactions of hadrons at high densities, and of the properties of nuclei, free baryons, and
potentially asymptotically free quarks.

Since the thermodynamical conditions under interest here are difficult to probe experimentally,
only comparably weak constraints can be put on theoretical models. Moreover, the many-body
problem with hadronic interaction is inherently complex and requires substantial approximations.
Different approaches can be chosen for such an approximation, leading to a number of different
EOS. Though lab experiments together with astrophysical observations can rule out several models,
it is currently not possible to identify a single EOS as the most realistic — or even the correct — one.
Consequently, the nuclear EOS is still somewhat uncertain.

In our code, we opted for one particular model, viz. the EOS of Shen et al. (1998) provided to us
by courtesy of A. Marek who used this EOS in SN simulations (Marek 2007). In the following, we
will shortly list the main physical properties of the Shen model:

1. For p < 10'? g cm™3, the gas is composed of the non-interacting Boltzmann gases of nuclei
and nucleons.

2. For higher densities, 10'2gecm™ < p < 1.58 x 10'* gecm™3, and low temperature, T <
15 MeV, the gas is assumed to consist of a cubic lattice of heavy nuclei and a vapour of
nucleons and « particles. The exact state of the matter is determined by minimising a free-
energy functional derived from a Thomas-Fermi approximation.

3. Ateven higher densities or temperatures, the nuclei dissociate into free nucleons described
by a relativistic mean field model.

The complexity of the EOS prohibits us from solving the basic equations at code runtime. In-
stead, the thermodynamic properties are tabulated in advance as a function of a few basic variables.
During a simulation, we interpolate in this look-up table. Our choice of basic variables is the com-
bination of density, temperature, and electron fraction. For Y, we solve an additional evolutionary
equation,

o,pY.+V-pY.i =Sy, (2.19)

where the source term Sy, describes the change of the electron fraction due to charged-current
interactions with neutrinos. To ensure the consistency of pY, and p, we solve Eqn. (2.19) together
with an analogous equation for p(1 —Y,) using the sCMA scheme due to Plewa & Miiller (1999).
We do not obtain the gas temperature from the MHD equations directly; instead, they give us the
internal energy € = e, — (ekin + €mag). Thus, we have to invert the monotonic relation between &
and T to determine the temperature.
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Given the input variables p,7, and Y., the thermodynamic variables we obtain from the EOS
table are

1. the gas pressure P,

2. the adiabatic index I',

3. properties of the nucleonic and nuclear components of the gas such as the fractions of neu-
trons, protons, ¢ particles and a representative heavy nucleus, and their respective chemical
potentials.

I' and P are used to compute the sound speed

(2.20)

TP
2=
)

2.2 Radiative transfer

2.2.1 Basic equations
Boltzmann equation

Like the equations of HD, the equations of RT can be derived from the equations governing
the dynamics of the distribution of an ensemble of N individual particles — in this case radiation
quanta, e.g., photons or neutrinos — in phase space. In 6N-dimensional phase space (“I" phase
space”), each point (7, ...,7x; p1, ..., Py ) represents a possible state of the ensemble characterised
by the positions 7; and momenta p; of all quanta. The particles are assumed to obey the equations
of motion for a given Hamiltonian functional, e.g., the equations of classical mechanics.

The distribution function of a large ensemble of identical quanta without internal degrees of
freedom (such as spin), .# (71, ...; p1,...;t), describes the probability density of finding the ensem-
ble at time ¢ at phase space point (71, ...; J1,...). An ensemble of non-interacting particles can be
described in one-particle phase space (7, p) by the one-particle distribution function F;(7; p;1), i =
1,...,N; in this case, the ensemble distribution is given by the product of the distribution functions
of all individual particles:

F(Flyees Plyeeit) = H Fi(7; pst). (2.21)
i=1,..N

The evolution equation for .% follows from the Liouville theorem stating that the phase-space
volume occupied by the ensemble is constant in time. In terms of the distribution functions, this
means that the integrals over the entire phase space remain constant (the constant, by normalisa-
tion, can be set to 1). This requirement yields the Liouville equation for .7

dF -
= AT+ Y (0:.7 - 07+ 057 - 9,p;) . (2.22a)
i=1
and the Vlasov equation for &
dJ - =

From these basic equations, we can derive several theories making additional assumptions on the
interactions of individual particles by the so-called BBGKY hierarchy (Born, Bogoljubov, Green,
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Kirkwood, Yvon). The case we are interested in here is that of short-range interactions within
sufficiently dilute systems. We assume that the interactions between particles are restricted to
n-particle collisions.

If we integrate the Liouville equation over all but one particle, we get the equation for the
distribution function of one particle. The resulting equation is an integro-differential equation, in
which the two-particle distribution function appears under a phase-space integral. This function
describes the probability density of finding two particles at phase-space points (71, p1) and (72, p2).
This quantity is not known a priori, but we can find an evolutionary equation for it by integrating
the Liouville equation over N — 2 particles. The result, again, is an integro-differential equation,
with the three-particle distribution function appears under a phase-space integral. Repeating that
process, we can derive integro-differential equations for ever higher moments of the Liouville
equation. Instead of carrying out this process ad inifintum, we can truncate the series of radiation-
moments equations (RMEs) at some point by making an assumption (a closure relation) on the
form of the phase-space integral of a particular multi-particle distribution function.

For RT, we restrict ourselves to two-body collisions which do not depend on any variables but
the particle positions. Thus, we can truncate the series of equations after the first one, and we get
the Boltzmann equation:

F+7-0:F —p-0;F = [3,F]c. (2.23)

The second term on the left-hand side describes the spatial advection of F with the particle velocity
7. The third term describes the reaction of F to the presence of particle accelerations. The collision
integral [0;F| parametrises how two-body interactions redistribute J in phase space.

For radiation quanta moving at the speed of light, i.e., # = 7ic, where |7i| = 1, and not subject
to external forces, i.e., p = 0, we recover the Boltzmann equation of RT (or the radiative-transfer
equation (RTE))

%atfm—ﬁﬁ?:& (2.24a)
%atuﬁﬁj =38. (2.24b)

Here, we introduced the monochromatic specific intensity
= () 7, (2.25)
where 1 = 6.626 x 10~ ergs and ¢ = 2.9979 x 10!°cms~! are the Planck constant and the speed
of light, respectively. Furthermore, @ = ¢|p| is the energy of a quantum of momentum j. We intro-

duced the source terms B and § summarising the emission, absorption and scattering of radiation
quanta.

Moments of the intensity

The distribution function F lives in a seven-dimensional space: four space-time components and
three coordinates in momentum space (compare this to the usual HD fields which are functions only
of space-time coordinates). This high dimensionality makes the equation very hard to solve, and,
thus, we strive to reduce the complexity by considering angular moments of F. We define the



18 THE PHYSICAL MODEL

monochromatic n'" moment of the radiation field by integrating " and a nadic tensorial product of
the direction of radiation propagation, 7, over angular directions in momentum space,

M (7, ;1) / do (Hn) (7 P:t) (2.261)

This quantity is a tensor of nth rank. If we additionally integrate over energy @, we get the energy-
integrated or grey specific intensity

)(%1) / do / do (Hn) I(7;p (2.26b)

We will need only the first three radiation moments (RM). The 0™ moment,
. . _ 1 .
E(Fwir) = —3(Fw31) zf/dQ I(7; Bst), (2.27a)
c c
- ar - 1 oo
&E(7t) = “L5(Ret) —— / do / dQI(F: jit), (2.27b)
c c

here given both in the monochromatic and grey version, is the radiation energy density &, €. The
variables J,J defined in Eqn. (2.27) are the oth Eddington moments. Likewise, we define the 1

moments, i.e., the radiation flux density 8’ S and the associated 1% Eddington moment

§(F wst) = 4nH(F w51) = / dQ7I(F: pit), (2.282)
F(F1) = dn$(7a1) = / do / dQAI(7: :t). (2.28b)
The momentum density of the radiation field is given by 1/ ¢*F. The 2™ moment

o ¥ o 1 -

PBij(F0t) = —Rij(F 031) =— /dQnian(r;p;t), (2.29a)
c
- 471' _

Bij (1) = /da)/dQn n;J(7; pit). (2.29b)

is the radiation pressure tensor ‘J3; the corresponding Eddington moment is £. We will denote the
third moment by 9 and £ where necessary.

We finally introduce the occupation density, i.e., the 0 moment of the distribution function, a
measure of the momentum-space volume the radiation quanta occupy:

1 -3
e(F0;1) = rm/dQ?Z E(F; wst) (h%) , (2.30a)

N
(1) = 4nc/dw/dQ?. (2.30b)

We can give a simple relation between the monochromatic zeroth moments ¢(7; w;¢) and &(7; w;t),
but a similar relation for the grey variables can only be obtained by carrying out the integrals for an
assumed dependence of .# on ®. For most spectra, e.g., Fermi-Dirac or Bose-Einstein, the integral
will become quite complicated. Hence, in practice, we can approximate the mean occupation
density (e) in an energy-integrated scheme by (¢) ~ &/ (®)”, where we define the mean energy of
radiation (@) = &/ (i is the total particle number). Plugging in the values of constants, we can
evaluate the relation: (e) ~4.65 x 10713 (7/cm~3)*(¢/(erg/cm3)) 3.
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Moments equations

To derive evolutionary equations for the radiation moments, we have to integrate the RTE,
Eqn. (2.24), over angle. The result is a hierarchy of RMEs, the first two of which are

%at3+v.5%:6(0)7 (2.31a)

églﬁ_i_v.ﬁ:é(l)? (2.31b)

The source terms & are defined as the n™ moments of S.

These equations form an infinite series of equations for ever higher moments. The equation for
the n™ moment has a similar form as the ones explicitly listed in Eqns. (2.31) have (of course for
a tensor of n' rank), and involves the divergence of the (n+ 1)™ moment. At some rank, we have
to truncate the series, evolving only the first n+ 1 equations. In our scheme, we choose n = 1;
the consequences of this choice will be discussed in a later paragraph. If we preferred n = 0, we
would end up with the diffusion equation. Since this equation is also of importance to our scheme,
we will discuss some related aspects there, too.

Solving the moments equations

Independent of the rank of truncation, we get a system which is not closed: the first two equa-
tions, Eqns. (2.31a) and (2.31b), e.g., consist of one scalar and one vector equation but have — apart
from the source terms — one scalar, one vector, and one 2™-rank tensor variable. Thus, to solve
for J and §), we require a closure — either an additional evolutionary equation for £ or relations
specifying a dependence of & on $ and 3.

The first technique, providing an independent evolutionary equation for K, was applied, e.g., by
Rampp (2000); Rampp & Janka (2002) in spherical symmetry. They obtain the pressure tensor
from a formal solution of the Boltzmann equation using the method of variable Eddington factors
(VEFs). Since this is not the direction we are heading, we will not go into detail here but rather
refer the reader to Rampp (2000); Rampp & Janka (2002).

In our attempt to solve the RME, we use the second technique: we assume a fixed local (both
in space and time) form of the closure relation between the first three moments. This can be
a simple analytic function or it may be given by an implicit relation. Such a relation is the RT
analogue to the EOS of HD. The method of closure relation is very common in solving the RT
equations. Most previous work has closed the RM equations on the level of the energy equation
by specifying a function F(€). Depending on the function () applied, the result can be, e.g.,
a diffusion scheme, valid in optically thick regions, or a free-streaming scheme, valid in optically
thin regions, or — most sophisticated — a flux-limited diffusion (FLD) scheme attempting at equally
good performance in either of the two limiting cases.

Only a few authors have truncated the system at the first moments equation by a closure relation
R(e, 5 ). Cernohorsky & van Weert (1992) explored this possibility, but afterwards, most efforts in
the development of RT codes have shifted either to the simpler diffusion approximation of the more
sophisticated Boltzmann schemes such as the one by Rampp & Janka (2002). Recently, however,
Pons et al. (2000); Balsara (1999a,b); Audit & Gonzélez (2006) pointed out a particular merit of
the first-rank system: the resulting system is of hyperbolic type and can, thus, be handled with
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highly developed techniques for hyperbolic PDEs, similarly to the HD system. Hence, we opted for
the 1%'-rank moments equations.

Source terms

Before further elaborating on the first-moment system, we will briefly discuss the source term
§ and its moments &%) which are a major source of complication for the solution of the RT
equations. These terms describe:

1. The generation of radiation intensity, energy, and momentum in emission reactions, e.g., by
radiative cooling of matter. We shall parametrise the emission by the emissivity 1. This will
typically be a function of both the radiation intensity and the thermodynamical state of the
matter.

2. The loss of intensity, energy, and momentum to matter in various absorption processes. We
will assume that the loss of intensity has the form —kJ with the opacity k depending on the
intensity as well as on the thermodynamical state of the matter. The opacity is the inverse
mean free path of a radiation quantum.

3. The redistribution of intensity, energy, and momentum between different radiative channels
(i.e., between different radiation energies and directions, or radiation species) by means of
scattering off matter or direct quantum-quantum reactions. As a simplification, these pro-
cesses can be treated as absorption of one quantum and subsequent re-emission of another
quantum in the new state. Thus, we need not introduce additional functions to describe scat-
tering, but rather can describe scattering by a scattering opacity ¢ (to distinguish it from x,
it is often referred to as true opacity).

Hence, the source term 8 becomes
S=n—xJ, (2.32)

where 1 and ¥ = K+ o include emission and absorption as well as scattering contributions.

In the limiting case of thermal equilibrium between radiation and matter, no net transfer occurs
between these two subsystems, and 8 = 0. Thus, the emissivity is determined by the absorption,

n = xJ. (2.33)

An important concept related to absorption is the (dimensionless) optical depth T along a path
7(s) (s being a variable parametrising the path)
dt = xd|7|. (2.34)
If we consider a static (i.e., d; = 0) system, we can rewrite the RTE as an ordinary differential
equation (ODE) using the definition of 7:
1.9 = —J+ % (2.35a)

where U is the cosine of the angle between the path and the direction of radiation. If we now set
U =1, neglect emission, 11 = 0, we can integrate Eqn. (2.35a), yielding

J=7Jpe ", (2.35b)

where Jy is the intensity at T = 0, and get the important result that the optical depth of a system
gives the number of e-foldings of the decrease of the intensity. In terms of the opacity, %, is the
characteristic decay length of J. If we consider instead a spatially homogeneous but temporally
varying system, we conclude that é is the characteristic decay time of the intensity.
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Solutions — free streaming and diffusion

Depending on the optical depth, the RTE allows for two limiting cases: if no source terms are
present, i.e., at low 7 (the transparent regime), the intensity will stream freely, whereas in the
opposite case of high 7 (the opaque regime), the diffusion approximation will be valid. Both
limits can be described well by the 0 RME.

For radiation streaming freely in direction 7, the RME simplify to
&€+ cV-ie =60, (2.36)

Apart from the source term, this is a simple linear advection equation, hence hyperbolic.

For very high optical depth, the diffusion approximation holds, and
¢ —V.pve =60, (2.37)

where the diffusion constant D = é follows from the opacity. Apart from the source term, this
equation is parabolic, thus violating causality.

First- and second-order closure system

The system of first-moment equations of RT together with a closure relation forms the so-called
two-moment transport (TMT)

%e+V.-5=60, (2.38a)

.2 = 1
§8’3+V'm226(1)’ (2.38b)
P =P(,3), (2.38¢)

which is a hyperbolic system of PDEs, similar to the HD equations. Because the directions of
radiation propagation have been integrated out, the complexity of the system Eqn. (2.38) is greatly
reduced compared to the original RTE.

A further reduction of complexity is reached when we consider the first-order closure system
(one-moment transport)

%E+V.Z=60, (2.39a)
5 =73(e). (2.39b)

This system, widely used in astrophysical applications, can be derived from Eqn. (2.38) by ne-
glecting the time derivative of the fluxes in Eqn. (2.38b). Thus, there is a close correspondence
between the choice of 3 (represented by the VEF) and the choice of 3 (represented by the flux
limiter).

Depending on this choice, we may reproduce with good accuracy the two limiting cases of
RT, viz. diffusion and free streaming. We will here consider only 1d Cartesian systems with the
radiation propagating in x direction. Then, both the flux vector and the pressure tensor both have
only one independent component. We will define a few variables: the flux factor {= f—* and the
VEF p = % In the free-streaming limit, we have to set

f=1, § =c¢€, p=1, P=E. (2.40a)
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We note that the value c€ represents an upper bound to the flux: larger values would correspond to
radiation propagating at a speed larger than c, thus violating causality. In the highly opaque limit,
the diffusion equation can be recovered by setting

c c 1
f=—3e" % §=-3, Ve p=73 P (2.40b)

W&

The relation for the diffusion flux is known as Fick’s law.

Both 1% and 2™-order closure method have to reproduce these two cases, as well as to guar-
antee a good approximation in the intermediate regime of semi-transparent media. Both methods
use different yet related approaches to deal with this case:

1. When applying a diffusion scheme in the limit y — 0, the flux can become acausal. As a
consequence, FLD schemes are used, in which the flux is given by

§ = cEA(R)R, (2.41)

where we introduced the Knudsen number R = |V¢&|/x € and the flux limiter A. A number
of flux limiters has been proposed, all of which have to respect the two limiting cases, i.e.,

lim RA(R) = 1, (2.422)
1

lim RA(R) = . 2.42b

lim (R) 3 ( )

2. In TMT, we use the flux factor f, satisfying |f| < 1, and the VEF p(e, f) to provide an interpo-
lation between the two limits. The consistency requirements become

%ilr}p(e,f) =1, (2.43a)
limp(e,f) = 1 (2.43b)
§—0 3
A further constraint relates f and p,
fF<p<l (2.43¢)

It follows from the definition of f and p as normalised averages of a distribution function.

A tight relation exists between flux limiters A and the Eddington flux factor f; furthermore, from
a VEF, one can compute a flux limiter

AR)=p—§>0. (2.44)

Closure relations

Hyperbolicity requirements We will now list a few properties we require from a closure re-
lation. We will still work, for simplicity, in one-dimensional Cartesian coordinates. We will,
additionally, use units in which ¢ = 1.

We rewrite the TMT system, neglecting sources:

U+ VF =0, (2.452)
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where the vectors of conserved variables and fluxes are

U=(¢53), (2.45b)
F = (§,p¢). (2.45¢)

The TMT system, Eqn. (2.45), is hyperbolic if the Jacobi matrix of the fluxes, J = 8013 , has real
eigenvalues and a complete set of eigenvectors.

We can derive the Jacobian (Pons et al. 2000)

0 1
N . 2.46
v <p —fo§p + edep 8fp> (246)

Here, e = €&/ 3 is the zeroth moment of the distribution function. The eigenvalues of the Jacobian,
and hence the characteristic velocities, read
_ 9pt V(95 —2§)> +4(p — fOsp + €0ep)

As 5 . (2.47)

We will specialise to the case that p only depends on f, i.e., d.p = 0. Taking into account
Eqn. (2.43c) and computing the discriminant of Eqn. (2.47), we can conclude that the TMT system
is hyperbolic for all p. The diffusion and free-streaming limits transform into the constraints
Eqns. (2.43b) and (2.43a), and the characteristic velocities in the diffusion and free-streaming
limits have to be A, = % and Ay = 1,A_ = d;ip — 1, respectively; in the latter limit, we must have

Multi-dimensional generalisation The TMT system is a system of tensor equations. Thus, its
generalisation to multi-dimensional situations is straightforward. The only complication is the
formulation of the pressure tensor. Following Audit et al. (2002), we use

p- (R i) e 2.48)

where 1 is the unit tensor.

Closures Several authors have proposed VEFs. We consider a few different choices. Possibly
the most general and accurate one is the maximum-entropy VEF (Cernohorsky & Bludman 1994),
which is given as an implicit function of ¢ and f. In this ansatz, the VEF is obtained from a
maximisation of the entropy of all angular distributions of the specific intensity consistent with
given ¢ and f. As our work focuses on the principle viability of TMT in radiation hydrodynamics
(RHD) in stellar explosions, we deferred the implementation of this more complex VEF to a later
time. Instead, we implemented two limiting cases of the maximum-entropy VEF, and a few further
closures:

1. The M1 model (Audit et al. 2002)
3452

P Sia/aap

was used by Audit et al. (2002); Audit & Gonzalez (2006) in photon transport. Similar to the
maximum-entropy closure, it is based on an extremisation of the entropy, but is an explicit
function and depends only on f.

(2.49)
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2. We implemented a function consistent with the requirements listed above,

p= %(1 + a1 f" + arf"), (2.50)
similar to a closure devised by Janka (1991) based on fits to Monte-Carlo simulations of
neutrino transport. We set a; = 16/30,ap = 2 —a;,m = 1.9,n = 3.4. These parameters
differ slightly from the original ones which do not give the correct eigenvalues in the free-
streaming limit.

3. The maximum-entropy closure allows for two simple limiting cases.
(a) One is the maximum-packing closure, in which all radiation propagates in a cone of
minimal opening angle around 7. It is given by

p:%(1—2f+4f2). (2.51)

(b) The opposite limiting case of the maximum-entropy closure is given by the Minerbo
closure

p=1-2f/q4(f), (2.52)

where g(x) is given implicitly by the Langevin function x = cothg — 1 /4. This function
can be approximated by a polynomial,

q(x) =~ x*(3 —x+3x%)/5. (2.53)
4. The Kershaw closure |
p= g(l +27%). (2.54)

All of these closures satisfy the requirements listed above.

Cernohorsky & Bludman (1994) pointed out that the maximum-entropy closure admits a fairly
analytic approximation p(e, f)

p=;+2(1—e)(1—2e)q( f > (2.55)

1—e

[98]

Implementing this formula (for grey systems together with the approximation for (¢)) allows us to
approximate the maximum-entropy closure without inverting the full implicit relation.

Moving media

If the medium through which the radiation propagates is not at rest, the RTEs need to be ex-
tended. To formulate the modifications, we have to select a frame of reference, i.e., a frame in
which the various radiation quantities (energies, fluxes, ...) are measured. Since the RMEs are
Lorentz-covariant tensor equations, the transformation between different frames follow from the
Lorentz transformations. The transformations involve the standard transformations of tensors such
as the velocity or the radiation moments, but also the blue- or redshift of the energy of radiation
quanta. They are straightforward but tedious; we do not list them here but refer the reader to, e.g.,
Mihalas & Weibel Mihalas (1984). Due to the complexity of the transformations, usually only
terms up to an order of 1 or 2 in (v/c) are retained.

We have the following basic choices at hand:
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1. an inertial frame in which the fluid moves at velocity v,

2. the co-moving frame, in which the fluid is at rest, and

3. the mixed frame, in which different parts of the equations are treated in different frames of
reference.

Some terms explicitly depend on the energy of radiation quanta; in particular, source terms often
have a fairly complicated spectral dependence. Typically, this dependence is simplest (in particular
isotropic) in the rest frame of the matter. Thus, the evaluation of these terms is cumbersome in
the inertial frame. In this frame, on the other hand, the left-hand sides of the system tends to be
simplest, consisting only of standard flux-conservative terms. In contrast, the co-moving frame
necessitates the introduction of non-conservative terms coupling different radiation moments.’
Since we will try to employ standard methods for hyperbolic conservation laws, these extra terms
might be considered problematic. Recently, however, Audit et al. (2002) demonstrated that these
terms can be treated seperately from the hyperbolic part of the system. Thus, they do not conflict
with Riemann-solver based methods. Because of this property, we selected the co-moving frame
of reference to solve the RMEs.

The frame of reference is not to be confused with the coordinate system, i.e., Cartesian, spheri-
cal, ..., and the Eulerian or Lagrangian description. The coordinates only label space-time events;
whether or not these labels are allowed to change in time has little to do with the values of tensor
components at a certain space-time point governed by the frame of reference chosen. In princi-
ple, any combination between a reference frame and a Eulerian or Lagrangian description can be
chosen. Not all of these are relevant for practical applications. One of most commonly employed
combinations is, e.g., to describe the radiation field in a co-moving frame while using fixed Eule-
rian coordinates to refer to the spatial and temporal locations at which the field is measured — by a
locally co-moving observer whose coordinates are subject to change as the fluid moves.

We list here the first moments equations in the co-moving frame as derived by Munier & Weaver
(1985a,b). In these papers, expressions are given in general covariant form as well as specialised
to different coordinates and symmetries. Because the equations are conceptionally most simple in
covariant form, we will only list this form here. The equations are valid to first order in v/c.

O E+VF + V(&) + + A5
¢ (2.56a)
1 : ..
—w%awS’—w(forf)r?w 3 =
c” ’
| P ij iVj d
—O + VPV )+ + +¢
c c ¢ (2.56b)
aj . Vk
- — 0L IpyPT — 0(V; )9 Q' = 7
- e
and the corresponding grey system consists of
— _. - . a; - li 5 o
AE+VF 4+ V(&) + + 53+ (%&' + (Vi) Bl = - &, (2.57a)
= i —iVj a aj sij
E&S +cV B+ V(F :)+ + + ?QE+ (—‘m = . (2.57b)

The terms can be characterised as follows:

2In the mixed frame approach, one tries to combine both frames by evaluating each term in the frame in which it
assumes its simplest form: conservative terms in the inertial frame, and source terms in the co-moving frame.
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1. the standard terms present without fluid motion (blue);
2. terms describing the advection of the radiation with the fluid (green; these and the stan-
dard terms form the hyperbolic subsystem we try to address using standard methods for

hyperbolic systems);
3. the source terms ( )
4. temporal derivatives of the higher moments ( ); these terms are often ignored, although

Mihalas & Weibel Mihalas (1984); Rampp & Janka (2002); Buras et al. (2006) pointed out
their significance. We will not include them in the first step;

5. acceleration (d = d,V) terms (brown). According to Mihalas & Weibel Mihalas (1984) (§95),
these terms can be dismissed;

6. blue- and redshift terms (violet) coupling different quantum energies and involving higher-
order moments. In the grey system, the @ derivatives can be transformed using the funda-
mental theorem of calculus;

7. further terms involving the covariant derivative of the velocity ( ). In the grey
system, the light green and violet terms involving £ in the momentum equation cancel.
Consequently, the grey momentum equation does not depend on moments higher than 3,
which is a further simplification.

In this exploratory study, we do not aim at a fully realistic description of the radiation field
and RT. Thus, we will restrict ourselves to the grey system, Eqn. (2.57), and we will retain only
the most important terms, viz. the hyperbolic part (blue and green terms), the transformation terms
(violet and light green), and the source terms. In their §95, Mihalas & Weibel Mihalas (1984) point
out that, in order to solve the RMEs correctly to order v/c, we can neglect all velocity-dependent
terms in Eqn. (2.57b). Nevertheless, we will retain these terms except for the ones involving the
fluid acceleration. To summarise, we attempt to solve the same system as Audit et al. (2002) do,

_ _. _ . .. 1 -
AHC+ VT +Vi( &)+ (Vi) PV = 560, (2.58a)
1= Tij -iVj — 1=y,

The generalisation to non-grey transport would require us to discretise the moments also in en-
ergy and to solve a system like Eqn. (2.58) for each energy bin, including the @ derivatives (and
potentially further coupling terms in the sources).

As mentioned above, the RMEs have a hyperbolic part accounting for higher moments as well
as advection by the fluid. Thus, the eigensystem is modified compared to the case discussed
previously with the fluid at rest: to find the eigenspeeds of the full system, it is sufficient to add
the fluid velocity to the eigenvalues of the pure RME (Audit et al. 2002).

We want to note furthermore that the left-hand sides of the grey RMEs do not make any reference
to the spectrum of the moments, i.e., their dependence on @. This only enters into the source terms.

Neutrino transport

The most important differences between photon and neutrino transport come from the fermionic
character of neutrinos, the presence of three flavours of neutrinos and antineutrinos, and the con-
servation of the lepton numbers associated with each flavour.

Since neutrinos are fermions, they obey the Pauli principle and their spectra are given by the
Fermi-Dirac distribution. From a technical point of view, we have to take this into account when
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computing spectral averages. Furthermore, the Pauli principle has very important implications for
neutrino-matter reactions.

The multi-flavour nature of the quanta can be accounted for by solving one transport system
for each flavour. Since y and 7 (anti)neutrinos behave very similarly, e.g., in terms of reactions
with matter, they are in most simulations treated as one flavour. Thus, typically, three flavours are
present: e neutrinos, € neutrinos and “X” (i.e., U, i, T, T) neutrinos. We will simplify even further
and disregard X neutrinos.

The second issue can be treated differently in energy-dependent and in grey simulations. In
the energy-dependent case, both total radiation energy and total lepton number follow from the
spectral distribution of the intensity and, hence, of the moments. Thus, one has to find a way to
evolve the general, energy-dependent system under the constraint of conserving both energy and
lepton number. We will not go into details further here. Solving the grey system, we, instead, treat
two RME systems for each flavour: one of the systems describing the transport of energy, and the
other one describing the transport of lepton number. Both systems can be coupled via the source
terms and, potentially, the closure relation.

We will now explain some basics of the two systems. We start from the distribution function
F(7; p;t). From this, we can compute the specific intensity J following Eqn. (2.25) by multiplying
with 3. The result is the energy radiated at a given space-time point (7;¢) per energy interval into
a given direction 7i. If we, instead, multiply the distribution function by ®?, we get the number
of radiation quanta propagating at a given space-time point (7;7) per energy interval into a given
direction 7 (we call this intensity-like variable the “number intensity”). Therefore, if we interpret
the RMEs, Eqn. (2.58), in terms of these number intensities rather than in terms of standard energy
intensities, we can apply the very same RT system to both variables with only the source terms
demanding adjustment. In the following, we will denote the 0" (number density), 1% (number

flux), and 2"4 number moments by n, ¥, and O, respectively.

Radiation hydrodynamics

Our goal is to investigate the coupled evolution of the radiation field and the fluid, i.e., to solve
the full RHD problem. The terms coupling the radiation and the fluid subsystems follow from the
conservation of total (i.e., fluid plus radiation) lepton number, energy, and momentum. They have
been summarised, e.g., by Mihalas & Weibel Mihalas (1984). Within our approximations, they
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read (e.g., Audit et al. 2002)

ap+V-[p¥] =0, (2.59a)
= 1=
9 (pYe) +V - [pY.V] =--6, (2.59b)
- 1=
PV + V- [pV RV + P1] =— ;6}9, (2.59¢)
dhe+ ¥ [(c+P)V _ %@g - %é}; 5, (2.50d)
_ _. . _ .. 1 -
0,&+Vi(F + &) +(Viv)) B =-6&, (2.5%)
1.z, o =vd Y [
208+ Vi(ePT +3' ) +5V,~ :;6}5’ . (2.59f)
_ . _ 1-
O+ Vi(T' + ) +(Vv,) DV :262, (2.59g)
1= =i -iVj oV l~y;

and have to be augmented by the closure relations for HD pressure and for 3 and ©. For sim-
plicity, we ignore the magnetic field and external forces such as gravity here. They simply add
to the HD subsystem and do not provide any modifications to the RT subsystems or the coupling
of the subsystems. We wrote down on_l)y the grey RT equations; even for non-grey transport, it is

the energy-integrated variables ¢ and § that appear in the source terms of the HD equations. Fur-
thermore, we only listed the RMEs for one neutrino flavour; if we evolve a system in which more
species play a role, we will have to add a RT system for each of them, and to construct the radiative
source terms in the HD equations from the summation of the contributions of each species.

Audit et al. (2002) demonstrated that Eqn. (2.59) decomposes into independent hyperbolic sys-
tems, viz. the hyperbolic parts of the HD and of the systems of radiative number and energy trans-
port, and that the coupling terms do neither affect the hyperbolic character nor the set of eigen-
values of either system. Thus, they argued, the subsystems can be treated independently using
high-resolution shock-capturing (HRSC) methods, under the constraint, however, that the solver
for the RT system correctly reproduces the parabolic diffusion limit. Treating a diffusive system
numerically by a TMT scheme amounts to applying a hyperbolic solver in the parabolic limit. As
we will see later, this can be a major complication and requires certain modifications of the hy-
perbolic scheme. Finally, the source terms form a third building block of the system that can be
tackled independently of the other two parts.

2.2.2 Radiation-matter interaction

Here, we will briefly list the source terms playing a role in SN neutrino transport and shortly
describe how we implemented them. For a more detailed description, we refer the reader to, e.g.,
Burrows & Lattimer (1986); Cernohorsky & van Weert (1992); Keil et al. (1996); Rampp & Janka
(2002); Burrows & Thompson (2002); Scheck et al. (2006), from which we adopted emission,
absorption, and scattering rates.

Basics Typically, the rates of neutrino-matter reactions depend on both
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1. the thermodynamical state of the matter, e.g., the gas temperature T, electron fraction Y, and
the abundances and chemical potentials of different components of the gas such as electrons,
protons, neutrons, and nuclei,

2. the energy spectrum of the neutrinos.

To compute the source terms, we have to perform an integral of the differential reaction rates ¢ (®)
over neutrino energy, either ranging from @ = 0 to @ = o (for grey transport) or from @ = @_ to
® = w4 (for multi-energy-group transport, where w_ and w, are the lower and upper bounds of a
particular energy bin).

The matter thermodynamics can be determined using a sufficiently sophisticated EOS, but for
the spectral integral, we have to add a few considerations:

1. In energy-dependent transport, we have a numerical approximation to the neutrino energy
spectrum. We, thus, can evaluate the integral in question numerically up to a desired accu-
racy.

2. In grey transport, lacking any spectral information, we only know the integral energy and
number densities. Tom compute the source terms, we have to integrate the reaction rates
depending on @ over neutrino energy. To perform such spectral integrals, we must assume a
mock spectrum. For this, we can make different choices which we will describe in the next
paragraph.

The source terms for the different moments can be found by the appropriate integration of
the differential reaction rates over the angle of radiation propagation. Only anisotropic emission
processes act as a source for 3, and isotropic scattering does not affect & at all. Absorption
reactions, in contrast, appear as a sink of both € and 3.

In the important case of local thermodynamic equilibrium (LTE), the sources for E assume a
relaxation form:
G0 = —cy(e—¢), (2.60)

where € is the equilibrium energy density consistent with the thermodynamic state of the matter,
e.g., given by the Planck spectrum for photons. As we can see, when the source term is dominant
(i.e., for large optical depth), & will quickly approach &4,

Mock neutrino spectra The simplest possible assumption for the neutrino energy spectrum
is that all particles have the same energy @, independent of the actual values of € and n. We
can evaluate all source terms for a given energy which, in spectral simulations, is found to be
representative for the neutrinos in the system we study.

A second choice is to compute, for given & and n, a representative particle energy @ = ¢/n and
assume that all quanta have an energy of @.

The most sophisticated approach to mock spectra is to assume a pre-defined non-constant spec-
trum — e.g., Fermi-Dirac for neutrinos or Planck for photons — characterised by a few radiation
thermodynamics parameters such as radiation temperature 7Tg and chemical potential tg. To com-
pute these parameters from £ and n, we have to invert the relation (E) = (S) (T, Ur ). Depending
on their complexity, we can then apply analytic expressions for the integral reaction rates as a
function of T and ug, or integrate the rates numerically. In many cases, this approach will give
the most accurate results. It is, however, subject to a possible limitation: there is no guarantee that
the radiation field can always be described by the pre-selected spectrum. It may as well assume
a completely different spectrum, and, in this case, the inversion yielding (7, Ur) may become
ill-defined.
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Relevant reactions Emission, absorption, and scattering rates have been computed for several
neutrino-matter reactions relevant to SNe. We will list a few of the most important ones for which
we have implemented approximative expressions based on the mock spectra described above. The
reaction rates implemented follow mainly the formulae given by Rampp (2000); Cernohorsky &
van Weert (1992).

1. Neutrinos of all flavours scattering off electrons, nucleons, and nuclei:

ei f:i
v+ | N|]=v+ | N|, (2.61)
A A

where N = n, p, and A stand for nucleons and nuclei. The neutral-current versions of these
reactions are allowed for neutrinos of all flavours. Additionally, electron-flavour neutrinos
can scatter in charged-current reactions. A particularly important detail about the scattering
off nuclei is the possibility of coherent scattering which enhances the reaction rates signifi-
cantly.

2. Absorption and emission by free nucleons,

Ve+n=ce +p", (2.62a)
Ve+pt=e' +n, (2.62b)

converting charged into neutral leptons and vice versa.
3. Absorption and emission by nucleons inside nuclei,

Ve+A=¢e¢ +A (2.63)

4. Thermal pair processes
v+v=eclt+e, (2.64)

by which all can flavours of neutrinos be produced.



Chapter 3

Numerical methods

A CONJURER GETS NO CREDIT WHEN ONCE HE HAS EXPLAINED HIS TRICK; AND
IF I SHOW YOU TOO MUCH OF MY METHOD OF WORKING, YOU WILL COME TO
THE CONCLUSION THAT I AM A VERY ORDINARY INDIVIDUAL AFTER ALL.

Sherlock Holmes, A Study in Scarlet

3.1 Magnetohydrodynamics

3.1.1 Methods for hyperbolic equations
Hyperbolic conservation laws

The MHD equations form a hyperbolic PDE system, similar to, e.g., the equations of non-
magnetic hydrodynamics. Hyperbolic systems share many properties which are important for
numerical analysis. In the following, we will briefly review some of these (see, e.g., LeVeque
1992, 1998).

For simplicity, we start with the homogeneous, i.e., source-less version of the conservation law
(2.2) in one spatial dimension,

Qu+ 0y f (1) =0 3.1)

where u = (u'), f = (f") are the conserved variables and the fluxes, respectively, and i = 1,...,m
numbers different variables such as mass density, momentum components, or energy density'. Its
simplest special case is the linear system describing the advection of i along x with a constant
velocity c,

o+ dycu = 0. (3.2)

For this equation, the state of u(zp,xo) at a given point (79, xp) is simply propagated along a space-
time curve C : x — ¢t = xo — cty. This curve of information propagation is called the characteristic
of the system, and the velocity of information propagation is called the characteristic velocity.

IPlease note that this short-hand notation only serves to conveniently summarise all equations of the system, and
does not imply any tensorial character. In fact, the HD system consists of equations of different tensorial rank: the
continuity equations for mass and energy are scalar equations whereas the momentum equation is a vectorial one.



32 NUMERICAL METHODS

Equation (3.1) can be linearised, yielding
O +Jou=0, (3.3a)
where we define the Jacobi matrix J of the flux vector f:

31']'_ afl

=5 (3.3b)

The system (3.1) is called hyperbolic if J can be diagonalised with real eigenvalues A', i = 1...m,
and correspondingly has a set of linearly independent left and right eigenvectors (/') and (r'),
respectively (the so-called eigenvalues and eigenvectors of the ith wave family). The system is
strictly hyperbolic if all eigenvalues are distinct, else it is called weakly hyperbolic. In the follow-
ing, we will denote by R the matrix whose columns are r;.

We will now focus on the characteristics and characteristic velocities of the non-linear system.
As we will see, the characteristic velocities are finite, given by the eigenvalues of the Jacobian.
First, we transform Eqn. (3.1) into the eigensystem of the Jacobi matrix. The transformation
matrix can be described in terms of the matrix of right eigenvectors R. We can write the system
in terms of the characteristic variables v, for which dv = 93~ 'du. The flux will be given by the
matrix of eigenvalues € = diag(A/), for which J = RER !

D,e[vi =o' + A9 = 0. (3.4)

Here, we define the integral curve C' of the eigenvalue A;, i.e., the trajectory x(¢), for which x = 4;.
The total derivative along this curve is given by D,e ' = 0, + %0.

Comparing the last equation with the other representations of the hyperbolic system and the
linear advection system, we may note a few important points:

1. When written in terms of conserved variables, all m equations of the system couple through
the dependence of the flux f on u, whereas the system decomposes into m independent
equations in terms of the characteristic variables.

2. The characteristic equations bear a striking resemblance to the linear advection system with
the advection velocity c, replaced by A’. The similarity is limited by the fact that the eigen-
values are not constants but depend on u. The eigenvalues are only approximately constant
in the vicinity of a given point (7,x) in space-time.

3. The hyperbolic system can be transformed locally into a system of advection equations by
virtue of which the characteristic variables are advected independently of each other. The
characteristics of the system are the integral curves €, and the characteristic velocities are
the eigenvalues A'.

4. Hence, if we know the state u(z,.) at any given time, and if we are able to decompose it into
eigenstates (components V'), we can compute the temporal evolution locally by advecting
each characteristic variable v; with its eigenspeed A;.

5. For the advection equation, the value of u’ is constant along the ith characteristic. This no
longer holds for the conserved variables of a non-linear system. Instead, the characteristic
component ' is constant on €, since D'/ = 0.

6. Due to the finite eigenspeeds, a state v;(fy,xo) can only affect a limited space-time domain
of influence, and it can only be affected from points within a limited domain of dependence.

7. For non-linear systems, the eigenvalues vary in space and time. Thus, the characteristics of
one particular family 7 are not in general parallel, but they can cross. At a crossing (7, x.),
two different values of the characteristic variable V' are at hand, and thus, v/(z.,x,) is not
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fixed uniquely. In such a case, the linearisation meets its limitations. The two linear states
interact non-linearly, and the solution of the system may become discontinuous.

8. While the procedure described so far can be applied to a large number of system, the diago-
nalisation required is very tedious or even unknown for many other systems. In such a case,
simplifying approximations have to be made.

Physically, the eigenvectors correspond to wave-like solutions of the linearised equations. We
now consider the one-dimensional Euler equations. For a gas with fluid velocity v,(x,7) and sound
speed ¢,(x,1), the eigenvectors correspond to two sound waves, travelling at v, =+ ¢y, and an entropy
wave, travelling at v,. Thus, the evolution of an Eulerian fluid can be described in terms of trav-
elling sound and entropy waves. Examples for the non-linear waves developing in characteristic
crossings are (supersonic) shock and rarefaction waves.

For the numerical solution of the system, a particularly important step is the consideration of
the Riemann problem, i.e., the evolution of two constant states u® (left, right state) separated by
a discontinuity. The discontinuity decays into a number of waves travelling to the left or right,
the so-called Riemann fan. For HD, these waves may be different combinations of shocks or
rarefaction waves, whereas for MHD considerably more combinations of waves are possible.

Numerical methods for hyperbolic conservation laws

Spatial Discretisation A class of very powerful methods for the numerical solution of hyper-
bolic systems consists of the HRSC schemes. These schemes will be explained in the following. For
a review on the numerics of hyperbolic conservation laws, including HRSC schemes, we recom-
mend the books by LeVeque (1992, 1998); Toro (1997) as well as the reviews by Tadmor (1998);
Marti & Miiller (2003); Font (2003).

In this subsection, we will be concerned primarily with conservation laws of the Gauss form
(2.2a) and will defer the discussion of the peculiarities of the Stokes equation (2.2b) to the next
subsection.

To evolve the hyperbolic system for a given set of initial data numerically, we have to decompose
a continuous region of space and time properly into discrete elements. Belonging to the so-called
Eulerian schemes, HRSC follow the evolution of the fluid in a mesh which is fixed in space, as
opposed to the so-called Lagrangian methods tracking the motion of individual fluid elements.

More specifically, we divide the physical domain into a finite number of disjoint volumes (grid
zones) Z; and approximate the conserved variable u(X) by its volume averages

1 n

i—

(S

This volumetric discretisation contrasts to a point-value formulation which approximates u(X) by
its value at the centre of each cell, u; = u(xXy). We will focus mainly on the volumetric form. The
temporal evolution of u; is governed by the discretised conservation law

1 L. 1
P i+7/ dVV~F:7/ av's,. 3.6a
" fz dv Jz, fz, ldV Z; ( )

2
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Ignoring source terms and applying Gauss’ law (Eqn. (2.3a)), we find the flux-conservative form
of (3.6a)
Bty +— dA-F=0 (3.6b)
Ui+ —— -F=0. .
! fz_ 1 dv 192,,
2

i—
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We will simplify the discussion in the following by limiting our considerations to one-dimensional
equations and discuss the generalisation to multi-dimensional systems later. We will assume that
zone Z; extends from x,_ 1 to x;, 1 and we will denote the volume of the zone and the areas of
the surfaces at the left (interface J;_ 1 at x;_ 1 ) and right (interface J, 1 at x; 1 ) zone boundaries
by Viand A, 1 respectively. The exact definition of these geometry elements, but not the general
form of the equations, will depend on the coordinate system chosen (e.g., Cartesian, spherical, or

cylindrical coordinates). The location of the zone centre will be denoted x;.

Using these definitions, we can reformulate (3.6b), yielding

1 _ _
8tui+vi<f[i+1F. |~ A\ F .):o, (3.7)

where Fl 11 1s the surface-average flux through A, . Thus, to solve the conservation law numer-
2 2 _
ically, we have to determine discrete approximations to F;, 1. Denoting such approximations by
2
Fii%, we get an ODE,
1

huj + v, ('Ai+%F;'+% _Ai—%
In deriving this equation, we treated the temporal and the spatial operators of the original equation
independently of each other and did not apply a discretisation in time, only in space; Therefore,
(3.7) is called the semi-discrete form of the conservation law. Given the numerical fluxes F; 1
it can be treated using a standard ODE solver such as multi-step Runge-Kutta schemes. We will
consider this issue later, after a brief discussion of techniques for the computation of the fluxes.

Fi_%) —0. (3.8)

Since the flux is a function of the conserved variables, F = F(u), we have to find a method
of computing the zone-interface fluxes from the zone averages u;. Furthermore, we want to take
advantage of the characteristic properties of hyperbolic systems described above. These two con-
straints give rise to a decomposition of the full task into two separate ones: the reconstruction
of zone-interface variables from zone averages, and a flux function to obtain the flux from the
reconstructed variables.

Before going into the details of the reconstruction process, we want to note that two basic
schemes can be distinguished, which we will classify according to Zhang & MacFadyen (2006) as
finite difference (FD) and finite volume (FV) schemes:

1. FD schemes first compute the fluxes in each zone, and then reconstruct the fluxes to zone
interfaces (for applying the flux function, they also need to reconstruct the conserved vari-
ables); afterwards, they apply the flux function to the reconstructed fluxes,

2. FV schemes reconstruct the conserved variables to zone interfaces and, after computing the
interface fluxes from the interface values of u, apply the flux function to these fluxes.

Whereas our previous code exclusively used the first kind of schemes, the new one can employ
both. Most tests and all applications were carried out using FV schemes.

Reconstruction We want to compute the value ¢ (x) of a variable ¢ at a given location x on
the grid, e.g., at the zone interfaces J,, 1 from the zone averages f;. For each zone Z;, we will
determine a function ¢’(x) locally approximating f around Z;. This procedure, hence, yields two
distinct values for ¢ (x, 1 ), viz. 97 (x, 1 ) and ¢(x, 1 ). With these two values of fluxes and/or
conserved variables at hand, we can construct unique interface values using flux functions. We

will elaborate on this in the next paragraph.
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We define the interpolating functions ¢’ from the zone averages ¢ i, j €{i—n,...,i+n} (these
zones are called the reconstruction stencil). They have to fulfil three basic requirements:

1. Consistency: for each zone in the stencil, the zone average of ¢’ has to equal the original
zone average, |. 2, dV ¢'=¢ ;. This is the volumetric form of the constraint. In a point-value
discretisation, we would instead demand that ¢'(x i) = ¢;. For uniform Cartesian grids, both
forms coincide, but they may differ for more general geometries.

2. Accuracy: the ¢' have to approximate the “true” function f accurately, i.e., the error |¢i —f ’
has to be of a high order in the zone width.

3. Stability: the reconstruction must not lead to an unstable numerical scheme.

Piecewise-constant reconstruction Typically, the functions ¢ are constructed from poly-
nomials, giving rise to the family of piecewise-polynomial methods. The simplest choice is the
piecewise-constant method (PCM) employing a one-zone stencil:

(Pi(x) = ¢i7 RS [Xi 1 7xi+%]' (39)

2

This method is only first order accurate, i.e., the truncation error scales linearly with the grid
resolution. It turns out to be the least accurate yet most stable reconstruction.

Piecewise-linear reconstruction To gain accuracy, we may construct the interpolant function
from a larger stencil using higher-order polynomials. We will illustrate this for the second-order
piecewise-linear method (PLM). To find the reconstructing function in zone Z;, ¢‘, we first con-
struct two linear polynomials from the one-sided linear approximations to the zone averages,

o (x) = 2(dit1 — ¢i)x+ ¢i(xi+§ +xi+%) - (PHI(XH-% +xi—%) (3.108)
! Xiy3 = X1 Xird — X1 7 '
2 2 2 2
0 (x) = 2(¢i — ¢i—l)x+ Pi1(xip1 +2_1) —9ilxi 1+ 3) (3.100)
B Xipd =%i-3 Xipd —%i-3

We note that both linear functions agree in their value at the zone centre, ¢/ ((x;, LA )/2) =
¢ =" ((x 1 4x,_ 1 )/2), and, away from extrema or discontinuities, the individual slopes mi&_
(i.e., the coefficients of x in the first terms on the right-hand sides of Eqn. (3.10)) will be very

similar as well. Furthermore, each linear combination is a consistent approximation to ¢.

Owing to the linear approximation, we can construct a second-order method from these two
polynomials. Thus, the consistency and the accuracy constraints are readily fulfilled. A problem
arises, however, if we take into account the stability criterion. Near a discontinuity, an approxi-
mation of the function ¢ (x) by one-sided gradients can result in significant overshooting, creating
additional extrema. In a dynamic situation, the ensuing spurious oscillations will degrade the
overall accuracy and eventually lead to unphysical values of the variables. To account for this
observation, we demand that the total variation

V(9] =} [i+1— ¢ (3.11)

does not increase with time, which forbids the development of new extrema. The so-called rotal
variation diminishing (TVD) constraint is an exact property of linear advection equations. Though
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no longer exact for more general hyperbolic systems, it still provides a very valuable stability
criterion for these systems.

As a remedy, we are thus forced to abandon the use of one-sided gradients in the reconstruction
and rather construct a TVD combination of ¢i and ¢’ by applying a TVD slope limiter to the slopes
m_h_,

m' = SL(m!_,m"). (3.12)
This function allows to determine the final slope m', yielding the final stable second-order inter-
polant

i Xipl =X 1
o'(x) = ¢ (X— 222> +mx. (3.13)

Various TVD slope limiters SL(m_,m ) have been given by different authors; all of them have
to lie within the TVD region of the (m,m;) plane identified by Sweby (1984). This region defines
the range of admissible values of the interpolant. If both slopes have the same sign, the limited
slope will be a combination of m_ and m.. The exact form of this combination depends on the
limiter and determines its accuracy and stability properties. We implemented the minmod, the van
Leer, and the monotonised central limiters. For different signs, on the other hand, all limiters have
to return O thus reverting to the stable PCM reconstruction in order to avoid spurious oscillations
near discontinuities. Unfortunately, this leads to a degradation of the accuracy also near smooth
extrema since TVD limiters, based only on local first derivatives, cannot distinguish an extremum
from a discontinuity.

Higher-order reconstruction This is the point where some of the more recently developed
higher-order reconstruction methods come into play. Common to them is the use of higher-order
polynomials (typically parabolae or higher) and larger (n > 5) stencils. In our code, we imple-
mented the weighted essentially non-oscillatory (WENO) and the monotonicity preserving (MP)
methods, which we will describe in the following briefly.

We reconstruct the interpolant ¢’ (x) according to the essentially non-oscillatory (ENO) (Harten
et al. 1987) or WENO (Liu et al. 1994) methods. During the last years, various implementations of
WENO (and related convex-ENO) schemes for HD (e.g., Shu & Osher 1989; Levy et al. 1999, 2000,
2002; Del Zanna & Bucciantini 2002; Rahman & Moore 2005a,b; Tchekhovskoy et al. 2007) and
MHD (e.g., Jiang & Wu 1999; Del Zanna et al. 2003) were proposed which differ in several details
of the reconstruction. Of these, our implementation follows most closely the one by Levy et al.
(1999). For a review on ENO and WENO schemes, see, e.g., Shu (1997).

We first define a set of consistent “candidate” polynomials? ¢;(x) of order m centred at cells
Zj, j=1i—m,...,i+m. The stencil of each candidate polynomial is p = m + 1; thus, each one
is consistent with Z;. In our implementation, we use parabolae, i.e., m = 2, p = 3 which do
not suffer from the inability to distinguish between smooth extrema and discontinuities. From
these candidate polynomials, we construct the final interpolant by a weighting procedure. This
procedure is not unique; of the many different possible choices, we use the definitions by Jiang &
Shu (1996), implemented by Levy et al. (1999). The reconstruction scheme is approximately of
4 order; thus, it will be called WENO-4.

The smoothness indicators

2
st;j=Y / dV(Ax)21(919;)2, (3.142)
I=17%j

Zhere and in the following, we omit the superscript / to avoid the formulae getting cluttered with indices
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depending on the the 1% and 2" numerical derivatives of the candidate polynomials, provide us
with an estimate of the amplitude of short-wavelength oscillations, and thus of possible sources
of instability, in the data. The ENO method selects the least oscillatory candidate polynomial, i.e.,
the one having the smallest smoothness indicator, ¢ (x) = ¢;(x), and discards the rest. The WENO
methods, in contrast, do not surrender the additional information contained in these functions.
Instead, it computes the final interpolant using a weighted sum of all candidate polynomials. The
weights are defined as functions of the smoothness indicators. We set them to

OCJ'
C— 3.14b
W Yo ( )
where
Cy
oj=—, 3.14
T (e+SI)P G140

and Ci, &, and p are constants which we set to the values from Levy et al. (1999) generalised to
non-equidistant volumetric coordinates. For smooth data, all weights will be of comparable order,
and thus, the accuracy benefits from a very large stencil equal to the union of the candidate stencils.
At discontinuities, WENO meets the stability requirements by assigning the largest weights to the
smoothest polynomials and virtually no weight to the more oscillatory ones. Near such points, the
order of the method degrades to 1, but WENO schemes with an arbitrary high order in smooth flow
regions can be devised.

For MP reconstruction (Suresh & Huynh 1997), we first construct a consistent high-order func-
tion. In our code, we use polynomials of 5", 7, or 9 order (the resulting schemes will be refered
to as MP-5, MP-7, MP-9, respectively). Similar to TVD limiting, we then limit the interpolant to a
region of admissible values. The definition of this region involves stability as well as accuracy
constraints, which, compared to TVD, are less restrictive, allowing for a closer reproduction of
smooth extrema and maintaining an exact reconstruction of smooth flows, while efficiently sup-
pressing spurious oscillations near discontinuities. Recently, MP reconstruction has been used by
Del Zanna et al. (2007) for the general relativistic MHD.

Evaluating the interpolant Having constructed an interpolant fulfilling the consistency, ac-
curacy, and stability constraints, we can finally obtain the interface value. Again, we have two
different possibilities:

1. in a point-value formulation, we would simply evaluate this function at the given location
Xigls
P _ i
¢ii% - ¢ (xij:%)u (3153)

2. in a volumetric formulation, we have to compute the volume average over the zones Z,_

=

(ranging from x;_; € [xl._% ,xi_%] to x; € [xi_%,x,ur%]) staggered w.r.t. to Z;,

I j
v _ = i
= Y /z,.l dV¢'(x). (3.15b)

[S7]

Both forms differ only for higher-order reconstruction in some geometric terms, with the point-
value reconstruction being more straightforward to implement. Recently, however, Del Zanna &
Bucciantini (2002) pointed out a peculiarity of FV schemes: while we can reconstruct the inter-
face values of the conserved variables u}; ! using, e.g., WENO or MP schemes, up to a very high
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order, this high accuracy does not necessarily carry over to the derivatives of the interface fluxes
il (uf’ L ). To maintain the high order of accuracy also for these, the authors use a second re-
b

construction step to convert the reconstructed point values to volumetric averages over staggered
zones. To this end, they compute new interpolants { f; 1 (x)} based on the point values { fP(ui )}
2

and compute the staggered averages of these interpolants. To avoid this second reconstruction step,
we propose to use the volumetric formula (3.15b) instead of the point-value version. We tested
our reconstruction method against the corrector step due to Del Zanna & Bucciantini (2002) and
found very similar results. Hence, we use the volumetric approach in our simulations.

Flux functions  After the reconstruction step, we know the interface values of the conserved vari-
ables. When using a FD scheme, we have also reconstructed the interface fluxes; in a FV scheme,
we instead compute the interface fluxes from the conserved variables. In any case, the physics at
each interface J, | can be described in terms of two independent states resulting from the recon-
struction centred at Z;_; and Z;, the so-called left and right states, respectively. We will denote
these states using supersripts, e.g., u"®. The interface represents a discontinuity separating these
states. Thus, at each interface, we have to solve a Riemann problem. Exploiting the properties of
the Riemann problem and the upwind properties of hyperbolic system, we can derive methods to
compute a unique final interface flux by following all waves within the Riemann fan explicitely.

The situation is fairly straightforward for linear advection equations. In this case, a well-defined
upwind direction can be identified according to the sign of the advection velocity v, and we can
set the flux equal to the upwind one:

fE1 if v>0 (advection to the right),

t=9 L0 ) (3.16)
2 fio1 if v<0  (advection to the left).
2

To compute the fluxes of more complex non-linear systems exactly, we could transform the sys-
tem locally to characteristic variables, obtaining a system of decoupled linear advection equations.
For each of the equations we then would apply the recipe given in (3.16), i.e., advect each eigen-
state with the corresponding eigenspeed, independently of the other eigenstates. The scheme thus
described is the basic building block of an exact Riemann solver (RS). These methods introduce a
small amount of numerical diffusion to the solution which is required for a stable evolution. The
corresponding numerical viscosity for each eigenstate can be expressed in terms of the absolute
value of the characteristic eigenspeed and the gridwidth.

Approximate solvers The drawback of this procedure is the necessity to compute the char-
acteristic variables, i.e., the eigenvectors of the flux Jacobian. For many systems, this is fairly
complicated or even unknown. Thus, we rather use approximate RS which rely only on a limited
subset of the full characteristic information.

Instead of the full characteristic decomposition, the minimal amount of information required
by the simplest approximate solvers is the fastest eigenspeed. More sophisticated solvers can be
constructed based on more than only one eigenvalue, but still not requiring the more tedious (and
expensive) computation of the eigenvectors. Common to all of these methods is that they do not
“open” the Riemann fan, i.e., they do not follow all waves explicitely, but rather describe them by
a few representative waves. The exact Riemann fan can be embraced, e.g., by one wave moving to
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the right at least as fast as the fastest right-moving exact wave and one moving to the left at least
as fast as the fastest left-moving exact wave.

Discarding the detailed information on the waves, these methods are much faster and simpler,
at the expense, however, of accuracy. Typically, they introduce a larger amount of numerical
diffusion w.r.t. exact solvers.

We consider as an example the Lax-Friedrichs (LxF) solver (e.g. LeVeque 1992). We note that
the maximum velocity of information propagation is given by the maximum of the absolute values
of all eigenspeeds, Amax. Hence, if we base our numerical viscosity on this velocity (or an upper
bound to it), and the corresponding approximate waves, we will obtain a stable yet rather diffusive
solver. The LxF flux is given by

e +§“;; (R, —a ). (3.17)

2 =3

1 R
foy =3 (A

where fl,L’}? =f (ulLRl) are the right and left states of the fluxes. Only requiring the maximum
2 2

characteristic velocity, this solver is quite simple, fast, and can be used for a large number of
equation systems.

The LxF solver is particularly inaccurate when all characteristic velocities have the same sign:
if, e.g., all waves are moving to the right, LxF will nevertheless compute the flux symmetrically
from both left and right contributions. This can be avoided in a quite simple way by using two
eigenvalues, viz. the maximum and the minimum ones, Amax and Ay, rather than only one. This
procedure is applied to construct the Harten-Lax-van Leer (HLL) (e.g. LeVeque 1992) flux defined
by
l,t%fi]i% - /l,:%fili% "‘l:%)*,:%(”}il —up )

=3 2

= . 3.18a
f;i% litl - }Li:l ( )

2 2

Here, we denote by )L:’I functions of the eigenvalues:
2

+ L R
li*% —_— max(oaA«i_%;maxaki_%;max)a (3.18b)

— _ . L R
)Li,% = mln(O,Ai_%;min,ki_%;mm). (3.18c)

This solver represents a more accurate approximation to the exact Riemann fan than LxF, in partic-
ular in the situation described above. In such a case, the HLL flux will be one-sided in accordance
with the upwind properties of the flow.

In our code, we implemented these two approximate solvers and the recently developed GFORCE
solver (Titarev & Toro 2005; Toro & Titarev 2006), a symmetric solver with a very low numerical
diffusivity. The GFORCE solver uses a composite scheme: a convex average of the LxF flux and a
two-step Lax-Wendroff (LxW) flux. The LxW flux is defined as follows

fioy = ), (3.192)
2
1 11
LxW _ © L R o R B L
M,'_% ) (Ml‘_% +M,‘_%) 2 e <f(ui_%) f(ul_%)) . (3.19b)

Here, c¢max 1s (an upper bound of) the maximum characteristic speed at the interface. In the FORCE
solver (see Toro & Titarev 2006), both (i.e., LxF and LxW) fluxes are summed with equal weights,
whereas for the GFORCE (generalised FORCE) solver, the weights depend on the CFL number:
they are 1/(14+CFL) and 1 — 1 /(14 CFL) for the LxF and LxW fluxes, respectively, where CFL
is the Courant-Friedrichs-Levy (CFL) number of time stepping (see below).
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Multi-stage fluxes Recently, the multi stage (MUSTA) method was developed to improve the
accuracy of approximate solvers (Titarev & Toro 2005; Toro & Titarev 2006). MUSTA provides a
framework which can be combined with any of the solvers listed above to reduce the numerical
diffusivity considerably. The basic idea behind the method is to open up the Riemann fan even
without an exact solver. We will explain this here briefly; for the technical details of this scheme,
the reader is referred to Appendix B.

Having reconstructed the interface states, we seek to solve the Riemann problem at each inter-
face. An exact solver provides us with the solution in terms of the characteristic waves obtained
from the solution of the eigenvector problem. In the MUSTA framework, we try to recover these
waves by an approximate solver. In this context, it is important to note that even an approximate
solver will return the correct waves of the Riemann problem at the interface, albeit with an accu-
racy worse than an exact one. In particular, the approximate solver will allow us to identify the
Riemann waves originating from the discontinuity only after a few time steps, whereas the exact
one has this knowledge built in.

Therefore, to compute the fluxes by solving the Riemann problem, we open up the Riemann fan
by evolving each of the interface Riemann problems one (or a few) “virtual” time step(s) using an
approximate solver. The result will provide us with predictor values of the characteristic waves.
We then use these predictor states to compute the final fluxes.

Since MUSTA-based schemes do not explicitely attempt to compute the costly characteristic
decomposition, they are much simpler and significantly faster than exact solvers. Nevertheless,
we find in numerical experiments that their accuracy is comparable to the one achieved with exact
solvers. Thus, in most of our simulations, we use a one-stage MUSTA scheme with the HLL solver
as a building block.

In the following, we will refer to a scheme with n MUSTA predictor steps using the XXX solver
as building block to as MUSTA(n)-XXX.

(0)

from the flow variables u; ~ at a

Zone update Having constructed the interface fluxes fl(f))l P
given time 7(*), we can now advance the solution over a small time step 87. We seek to compute
the state u(!) at time r(1) = ¢(0) 4 §¢. In a volumetric discretisation (Eqn. (3.5)), we can now apply
Gauss’ theorem (Eqn. (3.6b)), to get, e.g., the simplest form of an explicit time integration scheme,

viz. the forward Euler method:

= . (3.20)

An analogous formula can be derived for a conservation law in Stokes form. Eqn. (3.20) defines a
scheme of only 1% order accuracy, but which can be used as the building block of more accurate
schemes such as higher-order Runge-Kutta methods. Since it is explicit (i.e., the r.h.s. of the
Eqn. (3.20) contains only terms at the old time, #(?)), it is stable only for sufficiently small time
steps. We will discuss both issues later briefly.

Boundary conditions We implemented various boundary conditions in our code using the stan-
dard method of ghost zones. We pad the computational grid by additional ng, zones in each
direction, with ngy, larger than the stencil of our reconstruction. These zones are then set according
to the boundary conditions chosen. To simulate, e.g., transmissive (outflow) boundaries, we copy
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the values of the conserved variables from inside the computational domain into the adjacent ghost
zones.

Since the methods implemented in our code are standard, we do not go into any detail here but
refer the reader to, e.g., LeVeque (1998). If applications demand non-standard boundary condi-
tions, e.g., shearing disk boundaries, we will elaborate on these in the corresponding sections of
this thesis later.

General coordinate systems Our code solves the MHD equations in Cartesian, spherical, or
cylindrical coordinates. All of these coordinate systems are orthogonal ones, which greatly eases
the formalism. To derive the equations in either of these systems, we start with the general covari-
ant form, and transform the covariant derivatives into partial ones, obtaining additional geometric
source terms. The resulting equations are well known (e.g., Mihalas & Weibel Mihalas 1984,
appendix A); we list them in Appendix A.

We will discuss here only one aspect concerning the reconstruction. In orthogonal coordinates
(&1,&,&3), the volume element is given by

dV =dfi(&1)dfa(&)df3(Es), (3.21)

with some functions f; depending only on one of the three coordinates (e.g,. in spherical coordi-
nates dV = dé d(—cos0)d¢). This suggests to use volumetric coordinates in, e.g., the volume
integrals required for the definition of the consistent reconstruction interpolants. Hence, we per-
form the reconstruction in volumetric rather than standard coordinates, i.e., the generic coordinate
x as used in the reconstruction formulae listed above does not represent &;, but f;(&;).

Source terms The MHD equations may be augmented by physical source terms, such as the grav-
itational force; additionally, in general orthogonal coordinate systems, they will feature geometric
source terms. We discretise them in a standard way by integrating them over grid cells. As an
example, the pressure term P/r present as a source in the spherical momentum equations becomes

2

e PPpork—r
d——=-"1_—p 3.22
/r —~=1"Ch, (3.22)

with the zone-average pressure Py.

Time integration The techniques described above only concern the spatial discretisation of the
conservation systems, but still leave the time coordinate unmodified. Thus, they lead to semi-
discrete equations of the general form

8tul~ = g(u,-), (323)

where . is an operator acting on the spatially discretised variables u;. This equation can be
treated by standard time integrators. We use 2" and 3" order Runge-Kutta (RK) schemes. We
list here the two schemes we implemented. The RK integration of 2" order (RK2, for short) uses
one intermediate time step. If we denote the known solution at time 7(*) by u(©) (omitting spatial
and component indices), we can compute the solution at time 1) =10 4 &1 by the following
procedure:

W) — 0 %5; L), (3.242)
uM =40 4 5r.2(w). (3.24b)
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The 3™-order analogue of this scheme, RK3, uses two intermediate steps. It can be formulated in
different ways. We use the form given by Shu & Osher (1989) enjoying the TVD property:

wh) = 4@ 4 81,2, (3.252)
3 1
o_3 o, L 1)
W = U0 2 (w L 81L (w )) , (3.25b)
1 2
m_L o, 2 e
V) = 2+ 2 (w L 81L (w )) . (3.25¢)

An important issue in the solution of conservation laws is the time step control. This is governed
by the CFL condition (e.g., LeVeque 1992): to prevent numerical instabilities, no information is
allowed to propagate more than one grid cell during one time step. Since the speed of information
propagation is given by the eigenvalues, the CFL condition translates into a requirement for the
time step 6t

8t < (81)™ = (fmiz" Vi, (3.26)

where (6&); and ¢™* are the width of and the maximum eigenvalue in cell i. We take ot =

i

CFL(8t)™* with the CFL number CFL < 1.

Multi-dimensional problems Based on the scheme described above, we build our multi-dimensional
code by dimensional splitting. We apply the one-dimensional algorithm successively to the two or
three dimensions of our physical domain using the method of lines (e.g., Shu 1997). In contrast to

the so-called Strang-type splitting (e.g., LeVeque 1992), we use for each of the one-dimensional
sweeps of a particular time step the same initial data, viz. the values of the conserved variables at

the beginning of the time step. Strang-type splitting would demand us to use the results of one
sweep as an input for the following one.

3.1.2 MHD schemes
The MHD system

The MHD equations fulfil the basic properties of hyperbolic systems as described above, but their
specific structure entails modifications of these properties as well as a very important additional
constraint not present for ordinary hyperbolic systems, viz. the divergence-free conditions. We
will shortly describe these peculiarities in the following.

Non-strict hyperbolicity and eigenproblem The MHD equations are considerably more com-
plex than the non-magnetic HD ones. They admit 7 characteristic waves instead of the 3 waves
of ordinary HD (e.g., Kulikovskii et al. 2001). The number of possible combinations of waves in
a Riemann problem, consequently, is much larger. Additionally, the system is not strictly hyper-
bolic, since various degeneracies of the eigenvalues are possible. These facts make the design of
an exact RS much more complex for MHD than it is for HD. Thus, we did not make any attempts to
devise an exact solver, but instead use approximate ones within the MUSTA framework.
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Divergence constraint One of the crucial properties of the MHD system is the condition that the
divergence of the magnetic field vanishes. A numerical scheme has to obey this constraint in order
to guarantee an accurate evolution both of the magnetic field and the Lorentz forces acting on the
fluid. Artifical magnetic monopoles as a result of a non-zero divergence may lead to unphysical
fluid acceleration in the direction of the magnetic field (Brackbill & Barnes 1980).

Numerical MHD

When applying them to the full system Eqn. (2.1), standard HRSC schemes have to be modified to
account for the peculiarities of the MHD equations. The most important modifications are the more
complex eigenstates and the divergence constraint. Since our schemes, based on approximate
RS does not treat the characteristic waves explicitely, we only consider the second point in the
following.

The divergence constraint is usually not fulfilled by the discretised fields unless the scheme is
carefully designed to respect it. Several methods exist for this purpose:

1. The 8-wave, or hyperbolic divergence cleamng method (Powell 1994) adds to the MHD
system an evolutionary equation for the divh. These methods do not prevent divh from
developing, but instead transport an eventually produced divergence away from the place
where it is created by an 8™ characteristic wave in addition to the 7 waves of standard MHD.

2. Projection schemes (Brackbill & Barnes 1980) enforce divb =0 by projecting the solution
after each time step onto a divergence-free field. To this end, elliptic equations have to be
solved.

3. The class of constraint transport (CT) schemes (Evans & Hawley 1988) achieves a divergence-
free solution (up to round-off errors) by a discretisation of the field respecting the Stokes
form ((2.2b)) of the induction equation. As a consequence, CT deals with staggered discreti-
sations of HD variables and magnetic field components.

The first two methods discretise the magnetic field as an volume average over grid cells and
treat the induction equation with the same methods as a Gauss-type conservation law ((2.2a)). In
contrast, CT methods evolve the magnetic fluxes, i.e., the integrals of the field components over
cell surfaces. The x component of the field, e.g., will be represented by the magnetic flux through
the surfaces orthogonal to the x direction. As a consequence, we have to discretise the fluxes F of
(2.2b), i.e., the electric field components, as line averages over cell edges.

We formulate the semi-discrete induction equation,
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and the discretised version of the divergence constraint,

X _ X X
A;f;,j,k?ﬂ,j,k A;f%,j,kb;f%,j,k
v h -V, . A - A b
(leb>i.jk—Vw,k + ik Lk -tk -t | (3.28)
e z Z _ z Z

Here, we introduced the discretised magnetic fields, for which, e.g., the x component is defined as
the surface mean over the cell surface orthogonal to the x direction,

1
X _ X (.
by = Axl/ﬂ dAb(F); (3.29)
=30k "Lk
ij,i .1 etc. denote the length of the zone edge at y = Vil and z = 1 We note that the
B 29 2

divergence is conserved, if we use consistent electric field components in the evolution equations
for all three field components, i.e., if, e.g., the electric field Eiy+1 k] is the same in both (3.27a)

22kt
and (3.27c¢), and analogously for the other components. In particular, the divergence will remain

zero if it vanishes in the beginning.
Two important issues have to be taken into account when constructing a CT scheme:

1. Since the line averages of the electric fields have to be obtained from the surface averages
of the magnetic fields and the volume averages of the momenta and the density, there is no
unique method to compute them.

2. On the other hand, to compute the Lorentz forces, we need products of different field com-
ponents (b;b;) that are defined as averages over different surfaces of the cells. Again, there
is no unique recipe for this step.

Different kinds of CT schemes can be distinguished by the way in which they perform these con-
structions.

It is possible to construct the electric fields from the zone-surface values of the velocities ob-
tained using a suitable reconstruction method and the field components collocated at the same
surfaces by interpolation and averaging. First, the zone averages of the electric fields to the zone
edges, obtaining two pairs of fields there. Then, we apply a simple arithmetic average there. Meth-
ods of this type have been used successfully (e.g., Ryu et al. 1998). However, we can improve on
them by taking into account upwind considerations.

A step into this direction is the scheme devised by Pen et al. (2003). These authors decompose
the field into advection and constraint partial fields. In this nomenclature, the advection field is the
partial field b, v| composed of the magnetic field orthogonal to the given surface and a velocity
component parallel to the surface. An important symmetry is inherent in these two classes of
fields: the advection field of one velocity direction is the constraint field w.r.t. the other direction.
Pen et al. (2003) apply the reconstruction procedure to the advection parts in the velocity direction
only. At each zone edge, they, thus, obtain two pairs of advection fields. Instead of an average of
these fields, Pen et al. (2003) now apply an upwind RS, obtaining a unique advection field along
each direction. Finally, they add these fields to compute the full electric field. This is one of the
methods implemented in our code.

In both classes of schemes described above, the Lorentz forces are typically computed from the
zone averages of the fields. These usually are obtained using an averaging step, either arithmetic
or volumetric, but one can as well use a high-order reconstruction method. Londrillo & del Zanna
(2004) pointed out that a slight modification of this method provides a better realisation of the
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divergence constraint in the Lorentz force, in particular for higher-order reconstruction: for com-
puting the fluxes in, say, the x direction, they do not average the b, field over the zone volume and
then reconstruct it back to zone interfaces, where it is used to compute the magnetic stress tensor
components byb;. Instead, they compute these stresses from the original b, field as defined on the
zone surface A*. Of course, the normal field components by, and b, still require both the averaging
and the reconstruction step. In our code, we use this new method rather than the more traditional
one. See Londrillo & Del Zanna (2000) for a detailed discussion of divergence-free higher-order
reconstruction; here, we only note that a clear distinction between point values and geometrical
averages (over lines, surfaces, and volumes) of variables is key.

Recently, the class of upwind constraint transport (UCT) schemes has been developed (Londrillo
& Del Zanna 2000; Londrillo & del Zanna 2004; Gardiner & Stone 2005). The schemes have
then been applied by Fromang et al. (2006); Del Zanna et al. (2007). These schemes attempt to
compute electric fields and Lorentz forces in a way consistent with the characteristics of the full
MHD Riemann problem. To this end, these schemes usually are combined with an exact Riemann
solver. We try to apply a similar scheme, based, however, on approximate solvers and MUSTA
schemes. Following Gardiner & Stone (2005), we evolve the induction equation for the volume
averaged magnetic field together with the fluid equations. After solving the Riemann problem
for this extended system by MUSTA solvers, we can obtain zone-surface values of the electric
fields from MHD variables of the approximate Riemann solution. We do, however, not evolve the
“original”, zone-surface magnetic field in this step. We note that we can formulate versions of the
scheme that use here the advection, or the constraint, or the full field. For simplicity, we assume
here a scheme based on the advection field. In the next step, we apply an upwind solver to the
zone-surface electric fields to get two pairs of advection fields on the adjacent zone edge. We then
treat these fields similarly to the scheme by Pen et al. (2003) describe above. Having constructed
the full edge-centred electric fields, we then evolve the original magnetic fields according to the
induction equation. Before the next time step, we reset the zone-centre fields used in the RS step to
the volume averages of the original fields. As in most CT schemes, the zone-centre fields are, thus,
only secondary variables we need for constructing the solution to the full MHD Riemann problem,
but they are not a set of additional evolutionary variables. For computing them, we use either a
simple averaging or a high-order reconstruction. The technical details of our implementation will
be discussed in Appendix C.

3.1.3 Our MHD code: overview and supplementing issues

Overview Here, we will list the different physical systems and numerical schemes we imple-
mented. For a more thorough discussion of these issues, the reader is referred to the corresponding
sections.

The MHD equations are discretised in 1d, 2d,or 3d Cartesian, spherical, or cylindrical coordi-
nates. The gravitational force acting on the fluid can be given by a pre-defined potential; alterna-
tively, we can compute the self-gravity of the fluid from the solution of the Poisson equation. In
spherical coordinates, we use the Poisson solver of Miiller & Steinmetz (1995) based on a multi-
pole expansion of the density field and the potential. To mimic general relativistic effects, we can
include the correction terms due to Rampp & Janka (2002); Marek et al. (2006).

We use either FD or FV schemes. Within the FV schemes, we employ MUSTA fluxes based on
the global or the local versions of LxF, HLL, or GFORCE, or MUSTA-UCT schemes based on the
global or the local versions of LxF, or HLL. Reconstruction can be performed using PCM, PLM, or
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high-order methods (WENO-4, MP-5, MP-7, MP-9). For interpolating between the staggered grids
of magnetic field and HD variables, we use volume averages or high-order interpolation.

For multi-dimensional systems, we use a dimensionally split method of lines approach. Time
evolution is performed using 2" or 3™ order RK methods.

We conclude with a few technical notes concerning the code: it is written in Fortran 90 and
makes use of common F90 features such as modules and dynamic memory allocation. Different
settings for physical and numerical parameters (such as the choice of the physics evolved, the
Riemann solver, or the reconstruction method) can be made either by preprocessing using the C
preprocessor or by input from parameter files. For testing, initial data for all of the problems
discussed in Chapter 4 are included. The code is parallelised for shared-memory and distributed-
memory computers using the OpenMP and the MPI standard, respectively. It was used for tests
and simulations on a number of different system architectures such as IBM regatta systems, and
AMD and Intel Linux machines. Depending on the problem size, we made efficient use of up to
256 CPUs in simulations.

Treatment of unphysical solutions Many numerical MHD codes are beset with problems in
regions where the internal energy is only a small fraction of the conserved total energy. In such
cases, it becomes increasingly difficult to maintain the positivity of the internal energy. Since
our schemes evolve the total energy density e, we have to subtract the kinetic energy density
€kin = %pffz and the magnetic energy density epm,, = %BZ from e to obtain the internal energy
density €. In regions of large velocity or strong fields, where € makes up for only a small fraction
of e, the positivity of the internal energy can be violated by this procedure, leading to an unstable
evolution. Several methods exist to overcome the limitations imposed by this issue.

One of the methods we employ is specific to MUSTA schemes. We note that the schemes least
prone to such problems are the very stable PCM methods. As a consequence, we try to replace
the accurate yet less stable high-order reconstruction by PCM. Thus, whenever the predictor step
of the MUSTA solver yields an unphysical MHD state (e.g., one with negative internal energy), we
replace this state by a PCM reconstructed non-MUSTA state. This procedure is fully consistent with
the conservative MHD equations, only reducing the order of accuracy at certain points. It allows us
to avoid unphysical results in most cases.

In some extreme situations, e.g., involving magnetic pressures many orders of magnitude greater
than the gas pressure, this simple recipe is not sufficient to avoid unphysical solutions, and we have
to rely to more fundamental modifications of the scheme. It is very common to evolve the equation
for the internal energy,

08+ V- (8%) = —PV .7, (3.30a)
as an additional evolutionary equation (the hat”serves to distinguish the internal energy as an addi-
tional evolutionary variable from the internal energy € computed from the total energy). Whenever
the positivity of € is violated by the standard scheme, we can resort to the value given by (3.30a)
to replace the negative internal energy.

Apart from the internal-energy scheme, we also adopted a method similar to one devised by
Mignone & Bodo (2006). We evolve the evolutionary equations for the kinetic and magnetic
energies together with the total energy:

— 1—» =d —-=  —
Orékin +V - (xin¥) = (P+ 5bz)v -¥—BV(B-¥), (3.30b)
- 1o N
Orbmag +V - (émagV) = —=b*V-¥+BV(B-¥). (3.30c)
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Additional terms may be present when, e.g., gravity is included. To stably evolve systems with an
extreme ratio of magnetic to internal energy, we apply the following procedure in each time step:

t

1. At the beginning of each time step, we compute the magnetic and kinetic energies e, i

from the velocity and magnetic field.

2. We evolve all MHD variables, including the additional partial energies ém,g kin, to the new
time step 1’ =t + Ar.

3. We compute the magnetic and kinetic energies e
at the new time step.

4. We then correct the temporal change of the total energy density Ae = ¢ —e by the change
of the kinetic and magnetic energies:

A = Aet (Almag — (¢hag — ehag) ) + (Akin = (elin —€lan)) - (3310)

5. Finally, we update all energies:

t/

mag kin from the kinetic and magnetic fields

¢ = e+ Ae, (3.31b)
! 1 =/

Chag = 5 (0", (3.31c)
/! 1 ! ’

hin = Ept ()2 (3.31d)

In this step, we override the partial energies by the corresponding values consistent with the
velocity and magnetic fields.

Four remarks concerning this scheme are in order before presenting results:

1. The correction steps can be used in each time step and each grid cell, or only in those time
steps and grid cells in which unphysical states are present. As a compromise, we may select
to apply the correction in all zones adjacent to a cell of unphysical state.

2. We may, of course, use this procedure with both partial energies, or with only one of them,
€.2., €mag-

3. This scheme is non-conservative, introducing a violation of the conservation of e. However,
we find these errors typically only minor.

4. Our scheme deviates from the one by Mignone & Bodo (2006) in that it evolves the partial
energies whereas their scheme introduces the field components 13)2‘%2 as additional variables.

The Mignone & Bodo (2006) version discretises these additional variables as volume aver-

ages over grid cells (as our partial energies are discretised) instead of averages over grid sur-

faces. Thus, our version is, in essence, equivalent to theirs summed over the three (squared)
component-wise equations.

3.2 Radiative transfer

As we noted above, the RME system we solve consists of a hyperbolic part, non-hyperbolic
terms due to fluid motion, and source terms accounting for emission and absorption of radiation.
We will shortly describe our treatment of these three groups of terms in this section.

Before going into detail, we point out that the inclusion of the RT system does not change the
basic strategy of our scheme. Because of the separation of the full RHD system into hyperbolic
subsystems and non-hyperbolic, but local coupling terms, we solve each of the parts independently
of each other using operator splitting. Furthermore, we still use explicit time stepping for most
parts.
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3.2.1 Transport
Hyperbolic subsystem

The hyperbolic part of the RME can be treated analogously to the HD equations. We employ
the same basic method of reconstruction algorithm, approximate Riemann solver based on the
characteristic velocities, and an explicit Runge-Kutta solver for time integration.

As Pons et al. (2000); Audit et al. (2002); Audit & Gonzdlez (2006) pointed out, there is,
however, an important limitation we have to account for when applying the scheme in the diffusion
limit. Unless we enforce the correct parabolic limit, it is bound to fail in this case.

To understand the reason for this failure, we consider the stationary (i.e., d, = 0) one-dimensional
RME. We assume that only isotropic scattering is present, giving rise to an opacity ). Hence, the
system becomes

E+V,F=0, (3.32a)
05+ AVP = —cxF. (3.32b)

We assume that we are, due to a dominant sink (or relaxation) term —cy§, at large optical depth,
i.e., in the diffusion limit. We note that the time scale associated with the sink is T = (cx)~!. In
the diffusion limit, the pressure tensor is 3 = %G, and the flux can be expressed by Fick’s law

C
_ v )
$p = 3 ¢, (3.33)

which limit we should recover when solving the TMT numerically.

Using an explicit time integration scheme, this is not a problem as long as the time step 07 is
small w.r.t. the relaxation time 7. For longer time steps, the stiff source term makes the explicit
scheme numerically unstable, thus requiring a costly implicit solver instead.

In our numerical scheme, Ot is given by the CFL time step, which is of the order 61 ~ -, where
Ox is the zone width. Thus, the stability constraint 67 < 7T translates into a condition for the Peclet
number

Pe = yox, (3.34)

i.e., the product of the hyperbolic (CFL) time step and the source time scale or the optical depth
per grid cell. Stability requires Pe < 1; otherwise, the relaxation term becomes stiff.

To cure this problem without the need for an implicit solver for the entire system, we imple-
mented two schemes:

1. In the first scheme, we modify the 1% moment equation using an ansarz similar to the
one proposed by Jin et al. (2000) and implemented by Audit et al. (2002). We replace
Eqn. (3.32b) by

AF+ VP = —cx[§— (1-Z(Pe))Fp], (3.35a)
where Z is a function of the Peclet number satisfying the limits
1 forPe <P
E(Pe) = orres e (3.35b)
0 forPe —

with the critical Peclet number Pe of the order of 1. We choose an interpolation, e.g., by an
exponential or tanh law. We found that the exact form of Z(Pe) is only of minor importance
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as long as it drops sufficiently quickly for Pe 2 Pe.. Eqn. (3.35a) is solved implicitly. Addi-
tionally, we multiply the characteristic velocities by Z to avoid excess numerical diffusion
by the approximate Riemann solver, and — for MUSTA schemes — decrease the time step of
the MUSTA predictor step by the same amount.

2. The second method draws from the scheme devised by Jin & Levermore (1996) and imple-
mented by Pons et al. (2000). We use the same diffusive flux and the same function of the
Peclet number as before. Different from the first scheme, we enforce the diffusion limit in
the energy equation:

HE+V,[EF+ (1 -E)Fp] = &°. (3.35¢)

We can apply the multiplication operation -(1 — ) to the diffusion flux either before or after
the Riemann solver. In the previous case, we have to additionally reduce the characteristic
velocities as described above to avoid excess numerical diffusion. Additionally, we have to
apply the relaxation procedure to the flux (Eqn. (3.35a)) as described above.

The effect of these extra terms is:

1. In the limit of small Pe, when the hyperbolic system is stable, the modifications are switched
off, and we evolve the standard system.

2. For large Pe, when the original system is unstable, we relax the flux to the diffusive one
on a time scale (cy)~!, i.e., within one time step. We are, thus, fully consistent with the
diffusion limit, and we do not encounter any numerical instability.

Non-hyperbolic terms

The additional terms present in the TMT system do not require special treatment as the time
scale associated with them is given by the fluid velocity and, thus, is less than the eigenspeeds.

3.2.2 Interaction with matter

The interaction source terms neither modify the hyperbolic systems of neither radiation nor
fluid. Thus, we treat them separately from the other terms in an operator-splitting way. Local in
space, they couple radiation with matter, and different radiation species (i.e., neutrino flavours as
well as energy bins) with each other. Thus, our main task when computing their contribution is an
accurate and stable time integration. As they can be very stiff for large optical depths, we employ
implicit time stepping for their solution.






Chapter 4

Code validation

HOWEVER BEAUTIFUL THE STRATEGY, YOU SHOULD OCCASIONALLY LOOK AT
THE RESULTS.

Winston Churchill

4.1 Magnetohydrodynamics

4.1.1 One-dimensional problems

A number of one-dimensional tests served us as a test bench for verifying the correctness of our
MHD algorithm. We simulated purely hydrodynamic as well as MHD tests.

Hydrodynamic shock tubes

We will present a selection of results from various HD Riemann problems commonly used as
test problems for code validation. All of these tests assume an ideal gas; the adiabatic index is
v = 1.4 unless stated otherwise. Outflow boundary conditions (BCs) are assumed in most tests.

Sod shock tube The Sod shock tube is defined by a jump in density and pressure in the middle
of the grid. The initial velocity and the magnetic field vanish. Specifically, the HD variables are
given by u(x) = u" if x < 0.5 and u(x) = u®R if x > 0.5, where

pl =1, pR=0.125, (4.1a)
Pl =1, PR=0.1. (4.1b)
This initial state decays into a right-moving shock wave, a contact discontinuity in the middle and

a left-moving rarefaction wave.

The result of this test, computed with MP-5 reconstruction and the MUSTA(1)-HLL solver are
displayed in the top two rows of Fig. 4.1. We, furthermore, compare the results of this test for
different methods, including MUSTA and non-MUSTA versions of the LxF solver and different re-
construction algorithms in the bottom panels of the same figure. The results demonstrate that a
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stable evolution using high-order reconstruction schemes such as MP-5 or WENO-4 and the novel
Riemann solvers is possible. They indicate, however, certain differences regarding the accuracy
and stability: PCM reconstruction is least prone to overshooting near discontinuities but introduces
the largest amount of smearing. The highest-order schemes, on the other hand, in combination
with the MUSTA scheme, may produce small short-wavelength oscillations close to the shock and
at the tip of the rarefaction wave. These oscillations turn out to be much less pronounced with the
non-MUSTA solver. Even when they are present, they do not grow above an uacceptable level.

Lax shock tube The Lax shock tube starts from a discontinuity in density and pressure as the
Sod test does, but it additionally involves a velocity towards the discontinuity:

pl =0.445, pR=0.5, (4.2a)
vk =0.698, W=, (4.2b)
P =3.528, PR =0.571. (4.2¢)

The conclusions we draw from our results are similar: we are able to simulate this test with most
of the high-order schemes and all Riemann solvers without running into stability problems. The
level of overshooting for, e.g., MP-5, is similar to TVD-PLM with the MC limiter. However, the
differences between the reconstruction schemes come out more clearly in this test than in the
previous one: methods of a very high order, such as MP-9, show significantly stronger post-shock
oscillations.

Interacting blast waves This tests, originally proposed by Woodward & Colella (1984), in-
volves two strong discontinuities in pressure, located at x = 0.1 and x = 0.9, in a gas of constant
density p = 1 and zero velocity. The pressure in the background state is Ppjg = 0.01, whereas P
at the left and right boundary is P~ = 1000 and PR = 100, respectively. To confine the gas within
the numerical grid, we assume reflecting BC at both ends. The two discontinuities decay into
blast waves heading towards each other. After a short time, they interact and a complex pattern of
shocks, contact discontinuities, and rarefaction waves forms.

This is a quite demanding test for the HD scheme. Hence, we expect to see considerable differ-
ences between the schemes, both regarding stability and accuracy.

We compare different Riemann solvers. We performed simulations using PCM reconstruction
but different solvers, viz. LxF, GFORCE, and HLL, both with and without MUSTA steps with
m, = 3000 zones. Lacking an exact solution, we compared the results with a simulation of
m, = 9000 zones, standard HLL solver and MC reconstruction. They show that, as expected,
the GFORCE and HLL are much less viscous than LxF. They track the “exact” solution signifi-
cantly better than the LxF simulation. We note also that the accuracy of all of the schemes, but in
particular of the most viscous ones, greatly benefits from the use of the MUSTA method. With the
corresponding MUSTA versions, results of the HLL and GFORCE solvers do not change strongly.
The MUSTA(1)-LxF simulation, in contrast, exhibits a much better accuracy than the non-MUSTA
variant, coming closest to the reference solution. The MUSTA(1) versions of GFORCE and HLL
give nearly indistinguishable results.

Concerning the reconstruction, we find in simulations with a given solver (HLL with one MUSTA
step)) a strong increase in accuracy when using high-order schemes. We note the appearance of a
certain amount of oscillations, in particular near the “shoulder” near x ~ 0.7 and at the left contact
discontinuity (x = 0.61) in the bottom right panel of Fig. 4.3 for some of the high-order schemes.
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Figure 4.1: The result of the Sod shock tube at t = 0.1644. The plots show the density (top left
panel), the gas pressure (top right panel), the fluid velocity (middle left panel), and the sound speed
(middle right panel). We used 3™-oder Runge-Kutta time stepping, MP-5 reconstruction and the
MUSTA(1)-HLL solver. The grid size was m, = 400 zones, and the CFL factor was CFL = 0.8. The
flow shows a rarefaction wave, a contact discontinuity, and a shock wave.

The bottom panels show a comparison of the density (left panel) and gas pressure (right panel)
computed with different solvers: the lines represent (from bottom to top) the solution obtained us-
ing 1. PCM reconstruction and LxF solver, 2. PCM reconstruction and MUSTA(1)-LxF solver, 3. MC
reconstruction and LxF solver, 4. MC reconstruction and MUSTA(1)-LxF solver, 5. WENO-4 recon-
struction and LxF solver, 6. WENO-4 reconstruction and MUSTA(1)-LxF solver, 7. MP-5 reconstruc-
tion and LxF solver, 8. MP-5 reconstruction and MUSTA(1)-LxF solver, 9. MP-9 reconstruction and
LxF solver, 10. MP-9 reconstruction and MUSTA(1)-LxF solver. For clarity, the curves are shifted
w.r.t. each other both in horizontal and vertical direction by a small amount.
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Figure 4.2: The result of the Lax shock tube at r = 0.16. The plots show the density (top left
panel), the gas pressure (top right panel), the fluid velocity (bottom left panel), and the sound
speed (bottom right panel). We used 3™-oder Runge-Kutta time stepping, MP-5 reconstruction and
the MUSTA(1)-HLL solver. The grid size was m, = 400 zones, and the CFL factor was CFL = (.8.
The flow shows a rarefaction wave, a contact discontinuity, and a shock wave.
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We regard the oscillations, though not leading to a degradation of the accuracy in other regions
and vanishing with better resolved grids, as an indication of a beginning numerical instability. We
find in this test MP-5 reconstruction (the green line) a good choice w.r.t. accuracy and stability.
Hence, in production simulations, we use primarily this scheme.

Interaction of a shock and a density wave As last of the non-magnetic shock tubes, we want
to discuss the results of the test proposed by Shu (1990). A shock waves runs from the left side of
the grid into an oscillating density profile given by

p(x) = 1+0.2sin(50x) (4.3a)

When the shock passes over the oscillations, they are squeezed and amplified, leading to a pattern
of short and violent oscillations.

The results, computed with MP-5 reconstruction and a grid size of m, = 400, are displayed in
Fig. 4.4. We find that the post-shock density profile is quite sensitive to the numerical accuracy.
Thus, we compare different schemes on this test. The results can be found in the bottom panel of
Fig. 4.4. Clearly, the higher-order schemes succeed in providing a much more accurate solution
than even the most accurate of our PLM schemes, viz. MC reconstruction.

Magnetohydrodynamic shock tubes

We will present a few 1d MHD shock tubes to assess the performance of our code in Riemann
problems involving magnetic fields. The tests are taken from the paper by Ryu & Jones (1995).
Following these authors, we use a grid of 512 zones for our tests. The tests use outflow BC on the
left and right side of the grid. The EOS is that of an ideal gas with Y= 5/3. We compute all of these
tests, unless stated else, using 3"-order Runge-Kutta time stepping, MP-5 reconstruction with the
original parameters, and the MUSTA(1)-HLL Riemann solver. The CFL factor is set to CFL = 0.95.

MHD Riemann problem 1a — MHD shocks We start with the shock tube presented in their
Fig. 1a. The initial conditions, u(x) = u® for x < 0.5 and u(x) = u® for x > 0.5 with

(D, Vs Vy, V2, Pby, by, b,)F = (1,10,0,0,20,5/v/47,5/7/47,0), (4.42)
(D, Ve, Vy, V2, Pbyg, by, b)R = (1,-10,0,0,1,5/v/47,5/v/47,0), (4.4b)

define a discontinuity across which the tangential field component b, is continuous. It decays into
a two fast shocks, a slow rarefaction wave moving to the left, a slow shock moving to the right,
and a contact discontinuity.

Our simulations used 3"-order Runge-Kutta time stepping, MP-5 reconstruction, and the MUSTA(1)-
HLL Riemann solver. We resolve the Riemann structure well. The diffusive smearing of discon-
tinuities is small, with typically at most two cells in the fast shocks. We note some overshooting
near jumps and oscillations in vy. The level of these numerical artifacts is comparable to or better
than with the TVD-PLM reconstruction with MC limiter.

MHD Riemann problem 1b — MHD rarefactions This problem is described by the initial state

(D, Vs Vy, V2, P by, by, b)) = (1,0,0,0,1,3/v/47,5/v/47,0), (4.52)
(D, Ve, Vy, V2, Pbyg, by, b)R = (0.1,0,0,0,10,3/v/47,2/v/47,0). (4.5b)
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Figure 4.3: The interaction of two oppositely travelling blast waves at ¢ = 0.038. The plots show
the density (top left panel), the gas pressure (top right panel), the fluid velocity (middle left panel),
and the sound speed (middle right panel). We used 3™-oder Runge-Kutta time stepping, MP-5
reconstruction and the MUSTA(1)-HLL solver. The grid size was m, = 800 zones, and the CFL
factor was CFL = 0.8.

The bottom left panel displays a comparison of the density in the region x € [0.55,0.88] for dif-
ferent Riemann solvers. The time stepping in this test was Runge-Kutta of 2" order, the recon-
struction was PCM, the grid had m, = 3000 zones, and the CFL factor was CFL = 0.95. The thin
black line represents a reference solution computed with a finer resolution.For the other lines, the
colours distinguish between different basic solvers (red, yellow, green, and blue show the global
LxF, the local LxF, the HLL, and the GFORCE solver), and line styles distinguish between non-
MUSTA (dashed) and MUSTA (solid) simulations. Please note that the blue and green solid lines lie
nearly on top of each other.

The bottom right panel shows the same results for different reconstruction schemes. Here, we use
3"_order time integration, m, = 600, and CFL = 0.8. The black, blue, green, and yellow lines
display MC, WENO-4, MP-5, and MP-9 reconstruction, respectively.
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Figure 4.4: The interaction of a shock and a density wave at t = 0.18. The plots show the density
(top left panel), the gas pressure (top right panel), the fluid velocity (middle left panel), and the
sound speed (middle right panel). We used 3™-oder Runge-Kutta time stepping, MP-5 reconstruc-
tion and the MUSTA(1)-HLL solver. The grid size was m, = 400 zones, and the CFL factor was
CFL =0.8.

The bottom panel displays the density profile of the flow for m, = 400 and different reconstruction
algorithms: blue, green, red, and orange represent WENO-4, MP-5, MC, and PCM, respectively.
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Figure 4.5: The MHD Riemann problem 1a at # = 0.08 simulated using 3"-order Runge-Kutta time
integration, MP-5 reconstruction and the MUSTA(1)-HLL solver. The grid has 512 zones, and the

CFL factor was 0.95. The panels show in the top row the gas density p, the gas pressure P and the
sound speed cgs, in the middle row the velocity components, and in the bottom row the components
of the magnetic field. The Riemann structure consists of (from left to right) a fast shock, a slow

rarefaction, a contact discontinuity, a slow shock, and another fast shock.
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The flow at = 0.03 consists of a fast shock, a slow shock, a contact discontinuity, a slow rarefac-
tion, and a fast rarefaction wave.

Using the same numerical setup as for the previous test, we can resolve the structure though with
some overshoot in the velocities at the tip of the rarefaction waves, see Fig. 4.8. These numerical
artefacts are on the same level as for MC reconstruction. We, nevertheless, regard this result as a
caveat pointing at a situation where MP-5 reconstruction will meet its limitations. The same test,
computed using WENO-4 reconstruction and a CFL factor of CFL = 0.7 (Fig. 4.8), reveals that this
method is less prone to such oscillations near rarefaction waves.
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Figure 4.7: The same as Fig. 4.5, but for Riemann problem 1b at # = 0.03. The Riemann structure
consists of (from left to right) a fast shock, a slow shock, a contact discontinuity, a slow and a fast
rarefaction wave.

MHD Riemann problem 2a - rotational discontinuities and shocks By allowing all three field
and velocity components to be non-zero, we can construct rotational discontinuities across which
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the tangential magnetic field rotates by a certain angle. One such test has the initial state
(P, Ve, Vy, Ve, Poby, by, b )t = (1.08,1.2,0.01,0.5,0.95,2/v/47,3.6/v4r,2/V4r),  (4.62)
(0, Vas vy, V2, Py, by, b )R = (1,0,0,0,1,2/V/47,3.6/v/41,2/V/4T). (4.6b)
At t = 0.2, the flow is characterised by a central contact discontinuity, and a pattern of a slow
shock, a rotational discontinuity, and a fast shock on each side of the contact discontinuity.

We simulated this problem using MP-5 reconstruction, MUSTA(1)-HLL solver and 3"-order Runge-
Kutta time integration. The CFL factor is 0.8. In the result (Fig. 4.9), all waves are sharply resolved
with little overshooting. We note that the fast shocks are resolved by 2 zones, whereas the slow
ones need 3 zones.

MHD Riemann problem 2b - rotational discontinuities and rarefactions The initial data are

(P, Ve, vy, vz, Pba, by, b)™ = (1,0,0,0,1,3/V47,6/V47,0), (4.7a)
(P, V2, Vy, vz, Poby, by, b )R = (0.1,0,2,1,10,1/V4w,1/V47,0). (4.7b)

This problem is fairly similar to problem 1b, having the same Riemann structure as that one, only
modified by rotational discontinuities inserted after the left- and right-moving fast shock waves.
The rotational discontinuities have nearly the same velocity as the slow waves have. Thus, they
lie nearly on top of these waves.

Simulating the model using the same numerical setup as above, we find that the discontinuities,
in particular the shock waves, are resolved well, with some amount of overshooting present near
the rarefaction waves. Despite the difficulty of very similar wave speeds, we can identify all waves,
although the maximum value of b, is too low in our results.

MHD Riemann problem 3a — magnetosonic shocks The third group of Riemann problems from
Ryu & Jones (1995) involves magnetosonic shocks and rarefaction waves. The Riemann problem
defined by

(D, Ve, vy vz, Pby, by, b,)E = (0.1,0,0,0, 10,0, — 1 /47w, —2/V/47), (4.82)
(D, Ve, vy, vz, Pby, by, bo)R = (0.1,0,0,0,0.2,0,1/+/47,2/v/47) (4.8b)

evolves into two magnetosonic shocks separated by a tangential discontinuity.

Our solution, obtained with the same numerical setup as used in the last test, see Fig.4.11,
exhibits sharply resolved shocks and only minor smearing of the rotational discontinuity. We see a
numerical artifact in the density and pressure at the location of the rotational discontinuity which
is a typical feature of many numerical MHD schemes in this test. It is also present when solving
the equations with different schemes, and seen by Ryu & Jones in their test, too.

MHD Riemann problem 3b — magnetosonic rarefaction waves We now test the ability of our
code to handle magnetosonic rarefaction waves. The initial conditions are

(P, Ve, vy, vz, Py, by, b2)" = (1,0,0,0,1,0,1,0), (4.92)
(P, V2, Vy, vz, Poby, by, b )R = (1,0,0,0,1,0,1,0). (4.9b)
In our solution, the rarefaction waves are resolved well. However, we see small overshooting at

their end points, and a small glitch in the centre. Furthermore, the initial symmetry about the grid
centre is preserved exactly.
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HLL, and the time integrator Runge-Kutta of 3™ order. The

flow exhibits (from left to right) a fast shock, a rotational discontinuity, a slow shock, a contact

Figure 4.9: The same as Fig. 4.5, but for Riemann problem 2a at r = 0.2. The reconstruction is
discontinuity, a slow shock, a rotational discontinuity, and a fast shock.

MP-5, the Riemann solver MUSTA(1)-
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The same as Fig. 4.5, but for Riemann problem 2b at ¢t = 0.035. The reconstruction
is MP-5, the Riemann solver MUSTA(1)-HLL, and the time integrator Runge-Kutta of 3" order. The
flow exhibits (from left to right) a fast shock, a rotational discontinuity, a slow shock, a contact

discontinuity, a slow rarefaction, a rotational discontinuity, and a fast rarefaction wave.

Figure 4.10:
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Figure 4.11: The same as Fig. 4.5, but for Riemann problem 3a at r = 0.01. The reconstruction

is MP-5, the Riemann solver MUSTA(1)-HLL, and the time integrator Runge-Kutta of 3" order.
The flow exhibits (from left to right) a a magnetosonic shock, a tangential discontinuity, and

magnetosonic shock.
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Figure 4.12: The same as Fig. 4.5, but for Riemann problem 3b at t = 0.1. The reconstruction is

MP-5, the Riemann solver MUSTA(1)-HLL, and the time integrator Runge-Kutta of 3™ order. The

flow exhibits (from left to right) two magnetosonic rarefaction waves.
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MHD Riemann problem 4a — switch-on fast shock The next set of tests involves switch-on and
switch-off waves in which the tangential magnetic field changes between zero and a non-vanishing
value. The first of these tests,

(P, Vx,Vy, vz, P by, by, b)" = (1,0,0,0,1,1,1,0), (4.10a)

(p,vx,vy,vZ,P,bx,by,bz)R =(0.2,0,0,0,0.1,1,0,0), (4.10b)
develops a fast rarefaction, a slow rarefaction, a contact discontinuity, a slow shock, and a switch-
on fast shock.

All waves are resolved well, and only minor overshooting is present near the slow rarefaction.
The magnetic field is switched on within 3 zones at the rightmost shock.

MHD Riemann problem 4b — switch-off fast rarefaction We test the ability of the code to treat
switch-off rarefaction waves using the initial data

(P, Vi, Vys Vey Pubyy by, b)E = (0.4, —0.66991,0.98263,0,0.52467,1.3,0.0025293,0),  (4.11a)
(P, Vx, vy, vz, Poby, by, b )R = (1,0,0,0,1,1.3,1,0), (4.11b)

from which a contact discontinuity and a switch-off fast rarefaction wave develop.

In the numerical solution, we see, as Ryu & Jones (1995) did in their study, small artefacts: a
right-moving slow and a right-moving hydrodynamic wave. Apart from these structures, our code
handles these waves well.

MHD Riemann problem 4c — switch-off slow shock The next test has the initial data

(p, vy, vy,vZ,P,bx,by,bZ)L = (0.65,0.667,—0.257,0,0.5,0.75,0.55,0), (4.12a)

(p,vx,vy,vz,be,by,bZ)R =(1,0.4,-0.94,0,0.75,0.75,0,0). (4.12b)
At t = 0.15, the flow exhibits a fast shock, a switch-off slow shock, a contact discontinuity, and a
hydrodynamic shock.

In our result, the flow features are represented well, with sharp discontinuities. We find small
spurious oscillations right of the contact discontinuity.

MHD Riemann problem 4d — switch-on slow rarefaction This test, evolving until r = 0.16 into
a hydrodynamic rarefaction, a switch-on slow rarefaction, a contact discontinuity, a slow shock, a
rotational discontinuity, and a fast rarefaction, starts with the initial data

(p;Vx’VyaVZaPabx’byybz)L = (1,0,0,0,1,0.7,0,0), (4.13a)
(P, Vxs Vy, vz, Poby, by, b, )R = (0.3,0,0,1,1,0.7,0,0.2). (4.13b)

Our code is able to track all waves accurately, with, however, the now well-known oscillations
near the fast rarefaction.
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Figure 4.13: The same as Fig. 4.5, but for Riemann problem 4a at ¢ = 0.15. The reconstruction is

MP-5, the Riemann solver MUSTA(1)-HLL, and the time integrator Runge-Kutta of 3™ order. The

flow consists of (from left to right) a fast rarefaction, a slow rarefaction, a contact discontinuity, a

a slow shock, and a switch-on fast shock.
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MP-5, the Riemann solver MUSTA(1)-HLL, and the time integrator Runge-Kutta of 3" order. The
and a hydrodynamic shock.

Figure 4.15: The same as Fig. 4.5, but for Riemann problem 4c at t = 0.15. The reconstruction is
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the Riemann solver MUSTA(1)-HLL, and the time integrator Runge-Kutta of 3™ order. The

flow consists of (from left to right) a hydrodynamic rarefaction, a switch-on slow rarefaction, a

Figure 4.16: The same as Fig. 4.5, but for Riemann problem 4d at + = 0.16. The reconstruction is
contact discontinuity, a slow shock, a rotational discontinuity, and a fast rarefaction.

MP-5,
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MHD Riemann problem 5a — slow compound The final two tests evolve compound waves,
which consist of a shock and a rarefaction of the same wave family (i.e., slow or fast). The first
problem has the initial data

(D, Vs Vy, vz, P, by, by, b)Y = (1,0,0,0,1,0.75,1,0), (4.14a)
(D, Vi, Vys Vi, P, by, b2)R = (0.125,0,0,0,1,0.75,—1,0). (4.14b)

It evolves into a fast rarefaction, a slow compound, a contact discontinuity, a slow shock, and a fast
rarefaction. The slow compound, located at x ~ 0.47 at t = 0.1, is composed of a slow shock and
a slow rarefaction attached to the right-hand side of the shock, propagating at the same velocity.

These structures are finely resolved. The shock component of the compound is resolved by two
cells in the pressure jump, and the linear profile of the rarefaction is reproduced with reasonable
accuracy.

MHD Riemann problem 5b — fast compound The second problem involving compound waves
evolves from

(P, V2, Vy, vz, Pby, by, b)- = (1,0,0,0,1,1.3,1,0), (4.15a)
(P, Vi, Vys Ve, P, by, by, b )R = (0.4,0,0,0,0.4,1.3,—1,0). (4.15b)

At later time, the solution consists of a fast compound, a slow shock, a contact discontinuity, a
slow shock, and a fast rarefaction.

We note the same result as in the previous test: the compound wave is resolved well, with the
shock resolved in two zones and a well reproduced linear profile of the rarefaction.

MHD Riemann problems: summary In all MHD Riemann tests presented above, our code has
proven able to track the position and amplitude of the waves with good accuracy. The jumps
associated with shock waves are resolved by a few, typically at most 2 zones. Depending on
the reconstruction, however, some overshooting does occur. Using MP-5 reconstruction, this over-
shooting is modest, never spoiling the solution away from the discontinuity or leading to numerical
instability. Overshooting is significantly reduced for the WENO-4 scheme, which, furthermore, has
an accuracy similar to the MP-5 scheme. In general, rarefaction waves are reproduced well. The
only restriction to this is that, for MP-5, we observe a certain level of overshooting near the high-
velocity end of the wave. This phenomenon, again, is reduced considerably when using WENO-4.
Contact discontinuities require more zones for resolution; we typically find up to 5 zones neces-
sary. The same number of grid cells suffices to resolve tangential discontinuities and rotational
discontinuities. We note that our code does not make use of steepening algorithms for any of these
discontinuities.

Estimating the order of the method We finally present results from simulations of continuous
initial data. Using these results, we will give an estimate of the numerical order of accuracy of
some of our schemes. We followed the evolution of a magneto-sonic wave for which the initial
data on the domain x € [0; 1] are given by

p=1, P=0.3, (4.16a)
ve = 107 *sin(27x), vy =0, v, =0, (4.16b)
by =0, by = (1+v)/v/(2), b.=0. (4.16¢)
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Figure 4.17: The same as Fig. 4.5, but for Riemann problem 5a at ¢t = 0.1. The reconstruction is

MP-5, the Riemann solver MUSTA(1)-HLL, and the time integrator Runge-Kutta of 3" order. The

flow consists of (from left to right) a fast rarefaction, a slow compound, a contact discontinuity, a

slow shock, and a fast rarefaction.
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flow consists of (from left to right) a fast compound, a slow shock, a contact discontinuity, a slow

MP-5, the Riemann solver MUSTA(1)-HLL, and the time integrator Runge-Kutta of 3™ order. The
shock, and a fast rarefaction.

Figure 4.18: The same as Fig. 4.5, but for Riemann problem 5b at t = 0.16. The reconstruction is
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The analytic expression for v, at t = 4 is identical to the initial data.

For simulations using different numerical schemes and grid resolution, we compute the L; norm
of the error in v,

J x| =i
= i ,
where superscripts ™ and " refer to the numerical solution at m grid cells and the analytic one,
respectively; L is the grid length. The method is of n" order, if the L; error scales with grid

resolution 8x as L o< dx .

L 4.17)

The results, displayed in Fig. 4.19 and summarised in Tab. 4.1, show the superiority of the
high-order reconstruction schemes over PCM and TVD-PLM schemes. In this figure, different re-
construction schemes are distinguished by colour: PCM, MM, MC, MP-5, MP-7, MP-9, and WENO-4
are displayed in yellow, bright orange, orange, red, green, blue, and black lines and symbols, re-
spectively. Different Riemann solvers are distinguished by symbols: we use +, &, and A to refer
to MUSTA(1)-HLL, MUSTA(0)-LxF, and MUSTA(1)-LxF, respectively. In all computations, we used
3"_order Runge-Kutta time integration and a CFL factor of 0.8.

We first note that, in this subsonic test, the choice of the Riemann solver makes only little
difference. As expected, all schemes follow a power law until the error has dropped to a minimum
value of L; ~ 8 x 1078, We attribute this level to numerical noise, e.g., in the integration of the
L; norm. From the slopes of the power laws, we obtain the numerical orders of accuracy given in
Tab. 4.1. The resulting orders meet the expectations: PCM and PLM have orders of approximately
1 and 2, whereas the higher-order schemes are considerably more accurate. There is not much
difference between the MP schemes, all having orders around 3, but WENO-4 turns out to be the
most accurate with an order of 4. To reach the noise level with MC reconstruction, the grid has to
be four times finer than the grid required with one of the higher-order schemes.

\PCM MM MC MP-5 MP-7 MP-9 WENO-4
Order‘ 0.9 1.8 24 3.3 3.0 3.0 4.1

Table 4.1: Estimates of the numerical order of accuracy of different reconstruction schemes as
obtained from the convergence test on the magneto-sonic wave initial data.

4.1.2 Two-dimensional problems

We finally will present a few two-dimensional test problems our code had to pass before put
into service.

Orszag-Tang vortex The Orszag-Tang vortex, originally studied by Orszag & Tang to investi-
gate the transition of MHD flows to turbulence, has become a popular test for MHD codes. The fluid
initially has uniform density pg and pressure Fy; the velocity and magnetic fields are given by

7= <_Si“(y>> , (4.182)

sin(x)

B= <;fll(nz(xy))> . (4.18b)

The vector fields are normalised, |B| = 1 = [V|. The initial density and pressure are parametrised
by the Mach number M? = % and the plasma beta B = 87P,, for which we set M> = 1 and
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Figure 4.19: The L; norm of the errors of our numerical solutions of the propagation of a magneto-
sonic wave to t = 4. We compare different schemes: colours distinguish between reconstruction
schemes (yellow, bright orange, orange, red, green, blue, and black represent PCM, MM, MC, MP-
5, MP-7, MP-9, and WENO-4 schemes, respectively), and symbols distinguish between Riemann
solvers (4, &, and A stand for MUSTA(1)-HLL, MUSTA(0Q)-LxF, and MUSTA(1)-LxF, respectively).
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B = 10/3. We use 3"-order Runge-Kutta time integration, the MUSTA(1)-HLL solver and MP-5
reconstruction. The grid is set to m, x m, = 128 x 128 zones and periodic BC are assumed; the
CFL number is set to CFL = 0.95. There is no analytic solution to this test, but we can compare
the results not only among our different schemes, but also to various simulations of other authors.

At t = 0.5, the flow has developed a quite complicated structure. Initially smooth waves have
steepened into discontinuities. Both the magnetic and velocity field fill only — fairly disjoint —
parts of the grid. Density and gas pressure show large variations on small length scales; they are
smallest in regions of strong field or high velocity.

Our code is able to reproduce the results from Zachary et al. (1994); Dai & Woodward (1998)
very well (Fig. 4.20). The discontinuities are resolved very sharply and do not show significant
oscillations (cf. bottom panels of Fig. 4.20). We also want to point out that the initial rotational
symmetry is preserved: if we rotate the numerical solution about the grid centre and subtract the
resulting MHD variables from the original solution, we get exactly zero.

A wind tunnel We tested the code in a further two-dimensional problem involving the transition
of laminar to turbulent motion. We set a circular blob (radius » = 0.2) of dense (p = 100) matter
in equilibrium (constant pressure of P = 1) into a surrounding fluid of density p = 1. The fluid
was permeated by a uniform magnetic field b= (0.1,0,0)”. At t =0, we started to inject a wind
of velocity vy, & (0.3,0,0)7 from the left boundary (x = —1) into the grid. The grid extended from
—1to 7 and from O to 2 in x- and y-direction, respectively, and was covered by 640 x 160 zones.
The wind streams past the dense blob, pushing it towards the right boundary. Because of its large
inertia, the blob remains coherent throughout the test. It is affected by the wind, however, in two
ways: it is deformed by the wind, and it looses a small amount of matter. In the wake behind
the blob, a turbulent vortex strait forms, similar to the Karman vortex strait of flow past a grid of
wires. Thin filaments form in the wake, and the magnetic field is concentrated in thin sheets (see
Fig. 4.21). The turbulent fields with their wave-like and sheet-like structures are resolved well.

Komissarov problem We next consider a test well-known among practitioners of general rel-
ativistic MHD as Komissarov’s problem. The non-relativistic version was used as a test by Kossl
et al. (1990). In a gas of uniform density po, threaded by a uniform magnetic field 5%, an explo-
sion is initiated by an overpressure P in the central region of the grid; the pressure outside of this
region is Fy. We may consider a 2d or a 3d version of the problem; then, the pressurised versions
correspond to a central cylinder or sphere.

Sedov solution Without magnetic field, the well-known Sedov solution should be recovered.
A cylindrically/spherically symmetric shock wave propagates outwards, and in the post-shock
region, the HD variables follow analytic profiles. The functions governing the profiles, can be
expressed in terms of the shock radius at time 7, &(t), e.g., P(R,t) = P(R/£(t)) (where R = @ in
cylindrical coordinates, and R = r in spherical coordinates). The shock radius is given by

2 1/(v+3)
&)= PBv(y) (ito) . (4.19a)

The radius depends on the explosion energy, E, the density of the ambient medium, pgy, and a
function B, of the adiabatic index y. The parameter v distinguishes between geometries: v = 1
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Figure 4.20: The Orszag-Tang vortex at r = 0.5. We computed the results using 3"-order Runge-
Kutta time integration, the MUSTA(1)-HLL solver, and MP-5 reconstruction on a grid of m, x m, =
128 x 128 zones with a CFL factor of 0.95. The upper two rows show the gas density p (top left
panel), gas pressure Py, (top right panel), kinetic energy density ey, (middle right panel), and
magnetic energy density ep,g (middle left panel). Additionally, the top right panel shows contours
of the gas pressure, the middle right panel shows velocity vectors and the middle left panel shows
vectors and field lines of the magnetic field. The vectors are coloured according to their magnitude.
The bottom panels show horizontal and vertical slices through the density distribution. The black,
green, and orange lines represent p (x,y) for y =0.160,0.316,0.473 (left panel) and p (x,y) for x =
0.160,0.316,0.473 (right panel), respectively.
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Figure 4.21: The wind tunnel test: flow at t = 24.53. The top panel shows (left to right, top to
bottom) the gas density, the kinetic energy, the magnetic field strength, and the logarithm of the
field strength. We plotted the flow pattern corresponding to a grid of blobs initially located at
(x;y)=1(...,—3,—1,1,3,...;0). In the bottom panels, we show a close-up of the logarithm of the
density (left) and the magnetic field (right) in the region x € [1.2,3.2], y € [0,2].
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and v = 2 for cylindrical and spherical symmetry, respectively. The post-shock density, pressure,
and velocity can be given in terms of the shock velocity w = d;&,

pi=Tpn (4.190)
P = LpOWZ, (4.19¢)
y+1
2

We computed the Sedov solution both in axial and spherical symmetry. To compute the solu-
tions, we used, however, our code in Cartesian geometry. To get the cylindrical solution, we set a
circular region of pressure P; = 10 into the centre of a 2d grid, assuming symmetry along the third
direction (z). For the spherical solution, we evolved the test on a 3d grid with the overpressure
confined to a spherical region in the grid centre.

We used 3"-order Runge-Kutta time integration, the MUSTA(1)-HLL solver, and MP-5 recon-
struction in the test. The grids had sizes of m, x m, = 400 x 400 (cylindrical explosion) and
my X my X m; = 100 x 100 x 100 (spherical explosion) covering the physical domains (x,y) €
[—4,4]% and (x,y,z) € [—1,1]%, respectively. The results of the 2d and 3d simulations are dis-
played in Fig. 4.22. They agree well with the analytic expressions. The shock wave is resolved
sharply, and no oscillations are met. Despite the large jump in pressure, no instability occurs. The
cylindrical/spherical symmetry of the problem is preserved well even though the problems are not
evolved in coordinates adapted to the symmetry.

Weak magnetic fields We now perform the tests with the Késsl et al. (1990) settings, i.e., a
2d grid ranging from —1 to 1 in both directions, and an overpressure of P; = 100 in a region of
radius 0.1. We used a grid of 150 x 150 zones and the same solvers as above.

When the magnetic field increases to a finite yet small (measured by the plasma f3) value, the
shock wave becomes slightly elongated in field direction since the field lines resist being bent by
transverse fluid motion. For a stronger field, the fluid motion is essentially confined to the direction
parallel to the field. In this direction, a multiple-shock structure emerges, whereas magneto-sonic
waves are emitted in the perpendicular direction.

Our results show a good agreement with previous simulations, e.g., the ones by Kossl et al.
(1990). The wave structures are resolved well and sharply, and the initial symmetry is preserved
exactly (the asymmetries present in the figures are artefacts of the plotting rather than asymmetries
of the data).

Extreme f3 — positivity of the internal energy We also try to evolve the system for very
extreme values of 8. For Py =1 and B, = 10°, depicted in Fig. 4.24, the code is still able to ensure
a physically sound evolution. Unphysical values of the internal energy appear only occasionally;
apparently, the overriding of unphysical states within the MUSTA scheme suffices to prevent the
evolution from becoming unstable.

We note that we can also handle more extreme magnetic fields (we tried Py = 1 and B, = 108)
in this way. The unmodified system fails when we set Py = 107>. Thus, 8 ~ 2 x 10'® in the
outer regions. In this case, negative internal energies can only be avoided by corrections from the
additional evolutionary equations for the partial energies. We choose to correct the total energy
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Figure 4.22: The results of the 2d at + = 2 (upper panels) and 3d at t = 4 (lower panels) Sedov
test. The left and right panels show the density and the pressure as a function of distance from the

centre of the explosion, respectively.
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Figure 4.23: The Komissarov tests for By, = 10 at t = 0.16 (top 4 panels) and B, = 100 (bottom
four panels) at = 0.025. In each of the two groups of panels, the upper left and right ones, and
the bottom left and right ones display colour-coded the gas density, gas pressure, magnetic energy
density, and kinetic energy density. Additionally, in the bottom left panels, the magnetic field is
represented by field vectors and field lines, and the bottom right panels show velocity field vectors.
The colours of the vectors refer to their magnitude.
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from the magnetic and kinetic energy, but only near zones where unphysical values of the internal
energy occured (we applied the correction in a five-zone neighbourhood of a zone with unphysical
MHD state). Using this scheme, we could evolve the system stably. Due to the corrections based on
non-conserved partial energies, the total energy is only conserved up to a relative error of ~ 10710,

In these systems, the dynamics of the gas is fairly slow compared to the time scale set by Alfvén
waves. We can setup a more dynamic situation by allowing for a large explosion energy, i.e., by
increasing P;. We set Py =1, 10° and B, = 10°. In this test, we corrected the total energy from
the magnetic and kinetic partial energies in and near cells where the internal energy was negative.
The relative error in total energy caused by this procedure is of the order of 1078,

4.2 Radiative transfer

We validated our implementation of the TMT system of RT on a number of standard tests pro-
posed by Pons et al. (2000). These problems assess the performance of the scheme in the diffusion
and free-streaming limits as well as in the intermediate regime. Note that we set ¢ =1 in all of
these tests.

All of the Pons et al. (2000) tests are performed in spherical symmetry. They involve radiation
propagating through a static background fluid at rest. No specific physical model is assumed for
the radiation. The matter interacts with radiation only via isotropic scattering, and the opacities ¥
are pre-defined functions of radius, depending neither on any fluid nor on any radiation property.
Hence, there is no need for a energy-dependent treatment of the radiation, and a single grey TMT
system suffices to catch all physics.

Thus, the equations to be solved including geometric and interaction source terms read:

(r'3)
I(r*P) _ €%
OF+ 557 = AT (4.20b)

To solve the Eqn. (4.20) numerically, we employ 2"4-order Runge-Kutta time stepping, the
MUSTA(1)-HLL solver, and high-order (WENO-4) reconstruction. We test different closure relations.
To treat the diffusion limit correctly, we apply alternatively the Jin et al. (2000) or the Jin &
Levermore (1996) schemes as described in Sect. 3.2.1. We found that both schemes suffice to
enforce the correct diffusive limit stably and without affecting the hyperbolic limit. They should,
however, not be used in combination in order to avoid incorrect diffusion in the transition regime
between the hyperbolic and parabolic schemes around Pe = 1.

Diffusion limit We assume a constant opacity such that the optical depth is large and the system
is in the diffusion limit. We set up a uniform radial grid covering a radial domain r € [0, 1] and take
two opacities, ¥ = 100, 10°, corresponding to T = 100, 10°. We used the polynomial Monte-Carlo
closure relation, but the results do not depend on this choice since all closures correctly fulfil the
diffusion constraint 3 = %QE in the diffusion limit.

The test simulates the outward diffusion of radiation energy described by a Dirac d peak in the
grid centre at t = 0. The problem has an analytic solution for # > 0 which we use to construct the
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Figure 4.24: The Komissarov tests for Py = 1,100 and B, = 10 atr = 2.5 x 10~ (top 4 panels),
and Py =1, 10° and By =1 (bottom four panels) at t = 2.5 x 1073, In each of the two groups of
panels, the upper left and right ones, and the bottom left and right ones display colour-coded the
gas density, gas pressure, g, i.€., the ratio of magnetic pressure to gas pressure, kinetic energy
density. Additionally, in the bottom left panels, the magnetic field is represented by field lines,
and the bottom right panels show velocity field vectors. The colours of the vectors refer to their
magnitude.

In first simulation, we did not resort to any non-conservative extensions of the MHD system, but the
more extreme conditions in the second test required us to employ corrections to the total energy
based on the equation for the (non-conserved) magnetic energy density.
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initial data, and to verify our numerics:

2
E(nt) = ()f)s/z exp (—3)” ) , (4.21a)

4¢
§(rr) = 2 €(r1). (421b)

Moderate diffusion We discuss the case ¥ = 100. The initial time is zp = 1. Depending on
the grid size m, ~ 100, the Peclet number is of order unity. Thus, we can run this test using the
purely hyperbolic scheme (Pe < 1, i.e., m, = 100) or applying the parabolic modifications (for
coarser grids).

By varying the radial resolution around the critical value, Pe. = 1.2, we can study the transition
from the hyperbolic to the parabolic regime. The results are shown in Fig. 4.25.

For m, = 200 and Pe = 0.5, the purely hyperbolic scheme is applied. We find a very good
agreement between the numerical solutions and the analytic ones. For m, = 40 (Pe = 2.5), the
scheme fully relies on the parabolic terms. In this case, the analytic solution is reproduced evenly
well.

Both results are not unexpected. A more intricate regime is the transition between the two
schemes, at intermediate Pe. We have to ensure that no artefacts are produced by the gradual
“switching” from one scheme to the other one. We consider values around m, = 80 < Pe = 1.25.
The weight of the parabolic terms is = ~ 0.57. The scheme also performs well in this intermediate
regime, and the transition between the two methods of evolving the flux appears to be very smooth;
the correct analytic solution is reproduced very well for all tested grids.

Extreme diffusion For y = 10°, the Peclet number is larger than unity for any reasonably
large grid. We used m, = 100, i.e., Pe = 103, to simulate this test. Our results for initial data
taken from the analytic solution at # = 200 are shown in Fig. 4.26. Using the modifications to
accommodate to the parabolic limit, out code passes the test without any problems. We note that
the standard hyperbolic scheme fails here due to the stiffness of the system.

Validity of the hyperbolic scheme Using the unmodified hyperbolic scheme, we simulated
the same problem as above for different Peclet numbers to determine the maximum Pe the scheme
can handle without the Jin et al. (2000) corrections. As expected, we cannot go significantly
beyond Pe = 1 without encountering instability; Pe = 1.2 appears to be feasible.

Free streaming We now present tests of the opposite limit of vanishing opacity y = 0, i.e.,
optical depth T = 0. In this case, the free-streaming limit is valid, and the pressure tensor is given

by P = €.

Following Pons et al. (2000), we simulate the propagation of a Gaussian wave from the grid
centre outwards. The analytic solution is

(1) = rlzexp[—(r—t)ﬂ, (4.222)

§(rt) = E(nt). (4.22b)
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Figure 4.25: The results of the moderate diffusion () = 100) test from Pons et al. (2000). The
top and bottom panels show the energy density and the energy flux, respectively. In each panel,
we compare the analytic solution (black solid lines) with the numerical result (symbols) at t = 1
(initial data; black), t = 2 (blue), t = 3 (green), t = 4 (red), and ¢ = 5 (yellow). The left panels
correspond to m, = 200, i.e., a solution obtained by the purely hyperbolic scheme (for clarity,
not all grid cells are represented by symbols). The middle row corresponds to m, = 80, in the
transition between hyperbolic and parabolic treatment of the TMT system, and the right panels
show m, = 40, i.e., a computation with the parabolic modifications.
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Figure 4.26: The extreme diffusion test, ¥ = 10°. We used a grid of m, = 100 zones for the sim-
ulations. We compare our numerical results (symbols) to the analytic solution (solid black line).
The different colours refer to different time steps: black, blue, green, red, and yellow symbols
show the solution at r = 200 (initial data), t = 240, r = 300, t = 360, and r = 400, respectively.
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The physical domain stretches from r = 0.2 out to r = 10.2 and is covered by m, = 200 grid cells.
We start the evolution at = 2.5.

As in the previous test, the closure is constrained by the limit (now free streaming rather than
diffusion) and hyperbolicity requirements. Thus, there is no major influence of the closure rela-
tion applied. We again selected the Monte-Carlo closure. The results are displayed in Fig. 4.27.
The analytic solution is reproduced with high accuracy. Comparing different reconstruction tech-
niques, we again note a superiority of the high-order methods w.r.t., e.g., PLM schemes.

I
\

0.10

0.05

0.00 L

Figure 4.27: The free-streaming problem: energy as a function of radius for 5 different times:
the numerical solution at r = 2.5,3.5,5,7,8 is shown by the black, blue, green, red, and yellow
symbols, respectively, and the analytic results for the same times are shown by the solid black
lines. For clarity, not all grid cells are represented by symbols.

Radiating sphere We turn to the problem of a sphere radiating isotropically into vacuum, i.e.,
into a surrounding region of vanishing opacity. The initial and boundary conditions are given by
Pons et al. (2000), as well as an analytic solution of the problem.

We simulate the radiation propagation in the vacuum around the sphere (radius R = 1). Our
numerical grid covers the inner part of the vacuum, extending from ryj, = R t0 rpax = 20, and
consists of m, = 200 zones. We set the energy density and flux through the interior boundary to
E(R;t) = 2t, and §(R;t) = 0.5E(R;1), respectively, i.e., the analytic solution given by Pons et al.
(2000) applies with C = 1. We show results of our simulations for different times in Fig.4.28. We
used the Monte-Carlo closure in the simulations depicted here, but confirmed that there is only
little difference between the limiters as observed by Pons et al. (2000). We find a good agreement
between the analytic and numeric solutions, but note — similar to the results of Pons et al. (2000)
— a slight increase of the energy density and flux in the numerical simulation.

Radiative heating and cooling In the next set of tests, we follow the diffusion of radiation
through an opaque medium (¥ = 100). We start with the solution describing the stationary diffu-
sion of radiation of a constant luminosity £ = 47r*F(r):

g1 11
£
S(r) = A (4.23b)

where R (here R = 12) is the outer radius of the sphere. Following Pons et al. (2000), we set
L=4m.
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Figure 4.28: A comparison of numerical (symbols) and analytic (solid lines) results for the
radiating-sphere test problem: the energy density (left panel) and flux (right panel). We show
the solutions for r = 4 (black), t = 10 (blue), and ¢ = 18 (green). Only every second of the grid
zones is represented by a symbol.

We add a radiation source according to one of the following prescriptions:

1. No source at all. In this case, the radiation energy should diffuse outwards.

2. A central point source, represented by a finite luminosity £, through the inner boundary
(at Rmin = 1. We set £1 = 10£. As a consequence, additional energy is pumped into the
medium, leading to an increasing E inside the sphere until the new radiative equilibrium,
described by Eqn. (4.23) for £ = £y, is reached.

3. A shell source at a finite radius Ry = R,. The resulting equilibrium radiation field, attained
for t — oo, is twofold: in the interior (» < Ry), the luminosity is zero, and the energy density
is constant, whereas outside of the shell, we recover the situation of outward diffusion at
constant luminosity.

We show the numerical results for the three cases in Figs. 4.29 — 4.31. In the simulations, we
used a grid of m, = 200 zones uniformly distributed between Ry, = 1 and R = 12.

We reproduce the results from the first test (diffusion without source) as shown by Pons et al.
(2000) very well: the radiation diffuses out in accordance with their results (Fig. 4.29). We only
find a different behaviour of the luminosity at the outer grid boundary which we attribute to differ-
ent formulations of the outer BCs. This only affects a few zones near the edge of the grid without
influencing the rest of the domain significantly.

If we switch on a central point source of luminosity £; = 10£y, the transformation of the
diffusive profile to one corresponding to £; occurs in good agreement with the simulations of
Pons et al. (2000) (Fig. 4.30). At the end of our simulations, the radiation field has reached a state
of nearly constant luminosity £;.

The final test problem of this set was simulated with a shell source at a radius of R, = 6. Our
code correctly reproduces the transition to a stationary state of zero luminosity inside R, and
constant luminosity outside R, (Fig. 4.31). The two states are separated by a well-resolved sharp
discontinuity at R.

A more complex example Pons et al. (2000) considered a more complex structure as a toy
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Figure 4.29: Radiative heating and cooling without any energy sources. The left and right panels
show the energy and the luminosity (in units of 47) at seven different times: ¢t = 0 (black symbols),
t =507 (blue), t = 2028 (light green), t = 3492 (dark green), t = 5014 (red), t = 9520 (orange),
and r = 14000 (yellow).
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Figure 4.30: Radiative heating and cooling with a central energy source of luminosity L = 407.
The left and right panels show the energy and the luminosity at seven different times: ¢t = 0 (black
symbols), t = 504 (blue), r = 2016 (light green), t = 3473 (dark green), t = 4985 (red), = 9523
(orange), and ¢t = 14000 (yellow).
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Figure 4.31: Radiative heating and cooling with a shell source at radius r = 6. The left and right
panels show the energy and the luminosity at seven different times: ¢ = 0 (black symbols), t = 504
(blue), t = 2016 (light green), t = 3473 (dark green), t = 4985 (red), t+ = 9523 (orange), and
t = 14000 (yellow).
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model for a star: an opacity profile of the form

X0 ifr<1,
xo/r® if 1 <r<10,
x(r) =10 if10 < r<15, (4.24)
o if15<r<17,
0 if17<r

where yo = 1000 and ¢ = 2. For the initial data, we set € = 1 inside the star, i.e., for r < 10,
E = 107 outside, and F = 0 everywhere. The rationale for this opacity profile is to mimic an
opaque stellar core surrounded by an envelope of decreasing opacity and a transparent circum-
stellar region. In this region, we set an optically thick “cloud”. The combination of opaque,
transparent and intermediate regions makes this test particularly useful to probe the validity of our
RT scheme throughout these different regimes. As stated by Pons et al. (2000), the test illustrates
the ability of the method to handle cases in which FLD methods may beset with problems.

The results of our simulations of this test are shown in Fig. 4.32. We compare three different
closure relations: the Monte-Carlo, the Minerbo, and the M1 models. All three give similar results
in good agreement with those presented by Pons et al. (2000) with Kershaw’s closure.

We additionally simulated the test with a steeper opacity gradient in the envelope, @ = 4
(Fig. 4.33). The optical depth of the envelope is now T = 333 rather than 7 =900 for ¢ = 2. In
this case, the radiation leaks out faster through this region, with larger flux factors f = §/c€ ~ 0.6
close throughout the entire evolution — using standard parameters, f is large in the initial phase but
drops to approximately zero later. In the free-streaming region (10 < r < 15), f approaches unity
whereas it is small for o¢ = 2 except in the first stages of the evolution. The radiation, streaming
out of the star much more rapidly eventually hits the cloud acting as a bottleneck. The highly
opaque region ponds the radiation flow leading to a rapid increase of the energy density, and the
flux factor drops to zero as the energy diffuses out. In this simulation, the Peclet number becomes
unity for » & 3.4. At this point, our scheme gradually switches between hyperbolic and diffusive
fluxes. We do not observe any impact of this transition on the radiation field: both & and § vary
continuously across this region.

4.2.1 Radiation hydrodynamics

We now turn to a more complex situation: simulations of stellar core collapse and post-bounce
evolution with both hydrodynamics and neutrino transport, i.e., the full RHD scheme. In these
simulations, we, however, do not seek to answer the fascinating questions regarding the SN mech-
anism, but rather have in mind a technical and far less fundamental issue: how does our code
behave in this case, with strong gravity, a complex EOS, collapse, a strong shock, and complicated
neutrino-matter reactions?

Physics of our simulations Since the exact details of the evolution are not our prime interest, we
reduced the complexity of the problem by only considering electron neutrinos and antineutrinos,
and by restricting ourselves to the grey RT system.

We used the Minerbo closure and included the following neutrino-matter reactions:

1. nucleon absorption,
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Figure 4.32: The stellar toy model of Pons et al. (2000). We show the energy density (top panels)
and the flux (bottom panels) for different times: black, blue, light green, dark green, red, and
orange correspond to ¢ ~ 0,5, 100,250,500, and 100, respectively. The regions of different opacity
are marked by the yellow vertical lines at r = 1,10, 15,17. The left, middle, and right panels show
the results using the Monte-Carlo, the Minerbo, and the M1 closure, respectively.
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Figure 4.33: The stellar toy model with reduced opacity in the envelope: results from a simulation
using the Monte-Carlo closure. We show the energy density (left panel), flux (middle panel), and
the flux factor (right panel) for r = 0 (black), r =~ 4 (blue), t ~ 100 (light green), ¢ ~ 250 (dark
green), t =~ 500 (red), and r = 1000 (orange). The vertical yellow lines denote the boundaries

of the stellar core (r = 1), envelope (r = 10), and the inner and outer boundaries of the cloud
(r=15,17).
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2. nucleon scattering,
3. nuclear scattering,

described by the reaction rates from Cernohorsky & van Weert (1992). To compute the grey source
terms, we integrated the differential rates over an assumed Fermi-Dirac spectrum of the neutrinos.

We simulated a star of main-sequence mass M = 40 M., and solar metalicity evolved up to the
immediate pre-collapse state by Woosley et al. (2002). We used Newtonian gravity and the Shen
EOS. We used a grid of m, = 500 zones spaced logarithmically in radius from the centre of the star
out to R =~ 10*km. The grid spacing was (87)min ~ 500m in the centre and (87)max ~ 160km in
the outermost regions. The outer boundaries were set to outflow.

Results The main result is that we are able to simulate the collapse and post-bounce evolution
of such a star. Even without detailed spectral transport and interactions, we can reproduce certain
general features of more detailed simulations, in particular the lack of a prompt explosion.

We show the initial radial profile of various HD and neutrino variables in Fig. 4.34. The central
density is p. ~ 3.8 x 10!°gcm ™3, and the gas is already in infall since the adiabatic index in
most of the gas is I' < 1.317, i.e., below the critical value for stability, 'y = %. The gas is still
fairly electron rich, with Y. > 0.44 in the entire star. We compute the neutrino field at this point
by assuming LTE between radiation and matter, and start with a very small initial flux. Thus,
the neutrino variables at this time are only very artificial initial states; due to the reactions with
matter, they soon evolve to a more meaningful state. We can see this at a later time, t = 46.9ms
(Fig. 4.35). The HD profiles have changed only little. Neutrinos created in the centre by emission
reactions leave the core nearly freely. Because the deleptonisation reactions produce V. rather than
Ve, the neutrino energy is predominantly in electron neutrinos with only very little contribution of
antineutrinos.

We proceed to a later stage in collapse, t = 211.1ms (Fig. 4.36). The central density is now
Pe~ 1.4 x 10! gcm*3. The inner core falls now homologously, i.e., v, o< r; the maximum infall
velocity is now supersonic. Still, the collapse is adiabatic, as can be seen by the entropy which
is nearly unchanged from the initial state. The electron fraction in the centre has decreased to
Y. =~ 0.4 due to radiation of neutrinos.

During the following stages of collapse, Y, continues to decrease. At the time of shock formation
(t = 228.8ms, Fig. 4.37), it is as small as 0.2 in the centre. In the post-shock region, the opacity
is now very large, and the radiation has to diffuse out slowly: neutrino-trapping conditions are
reached in the increasingly dense (p has reached nuclear-matter density) and hot (7" exceeds 10
MeV behind the shock) environment. The Peclet number is now far beyond unity, and the total
optical depth of the inner core is T ~ 7 x 10*. The shock wave propagates outwards, but is slowed
down by energy losses until it stalls at » =~ 150km (Fig. 4.38 shows the state at t = 254.6 ms).
The post-shock velocity is negative; no prompt explosion occurs. The central electron fraction has
stabilised at a value of Y. ~ (0.2, but we find a depletion of electrons in the immediate post-shock
region. The inner core has a stable entropy profile and is heated up to 7' = 11 MeV. We followed
the further evolution of the model up to ¢ ~ 332.1ms, i.e., 100 ms post bounce (Fig. 4.39). Apart
from the accretion of gas through the standing accretion shock, not much happens during this
epoch.

Finally, we show the total neutrino luminosity at different times (Fig. 4.40) around bounce.
The different curves show the increase of the luminosity during collapse and the breakout of an
intense neutrino burst shortly after bounce as the shock reaches less dense and, hence, less opaque
material. In the later stages, the luminosity outside the shock is roughly constant with radius.
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Figure 4.34: Radial profiles of the collapsing core of a star of 40 M. initial data at t = 0. The
top panels display the density (left), radial velocity (middle), and pressure (right). In the v, plot,
additional lines may indicate the sound speed cs and its negative (these lines are off the scales for
t = 0, but may be visible in later plots). In the middle row, the left panel shows the electron fraction
Y. by a black line and the total lepton fraction Y] (i.e., the net fraction of electrons and electron
neutrinos) by a green line; in the middle and right panels, the temperature (in MeV) and entropy
are plotted. The bottom panels display different neutrino variables: the energy density (left), flux
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between v and Vv by colour: black and green lines represent v and V, respectively. In the plot of

the flux factors, we show negative values of f by dashed lines.
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A concluding remark As said before, it was not our goal to make detailed predictions concern-
ing the explosion of massive stars. Instead, we can draw some conclusions on our RHD method
from the simulations. We note that we can reproduce some of the basic features of detailed multi-
group spherically symmetric SN simulations with our code. The core deleptonises during collapse,
the prompt shock formed at bounce does not explode the star but turns into a standing accretion
shock, and a strong burst of neutrino luminosity is emitted by the core after bounce.



Chapter 5

Applications

GET YOUR FACTS FIRST, AND THEN YOU CAN DISTORT THEM AS MUCH AS YOU
PLEASE.

Mark Twain

Our code, employing high-resolution numerical methods, is suited particularly well for the study
of hydromagnetic instabilities and turbulence. Many systems are subject to instabilities and con-
sequently undergo a transition to turbulence. Of these, we selected two shear-flow instabilities:
the hydromagnetic KH instability and the MRI. We will introduce both systems in this chapter and
discuss our numerical setup and simulation results.

5.1 Hydromagnetic Kelvin-Helmholtz instability

5.1.1 The physical system

Shear flows are very common HD phenomena, both on earth and in astrophysical environments.
As the simplest model for such a system, consider a velocity field with a sharp shearing interface,

T .
— f
. {(vam ify<0 )

"1 (10,0,007  ify>0

(vg is a constant (subsonic) velocity) in a fluid of homogenous density and pressure (see Fig. 5.1).
We ignore gravity. Then, if ideal HD applies, the fluid is unstable against the KH instability on any
length scale independent of the shearing velocity (e.g., Chandrasekhar 1961). Any perturbation of
the shearing interface (of the form A exp[ikx — o], where k and o are the wave number and growth
rate of the mode, respectively) will grow exponentially with a growth rate inversely proportional
to the wave length, 0 = kvy. If the shear layer has a finite thickness #,, the growth rate has a
maximum at k ~ hy ! and approaches zero for modes of shorter wave length. In the non-linear
phase, the well-known KH vortices form in a broad transition layer across which the x component
of the velocity varies gradually from —vg to vy.

Examples on the earth include different layers in the earth’s atmosphere streaming along each
other visible in magnificent KH clouds, the estuaries of rivers (a particularly beautiful example
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is the confluence of the rivers Inn and Salzach near Simbach or the rivers Inn and Mangfall in
Rosenheim), and, of course, various flows in technical devices. In astrophysics, the KH instability
appears on all scales, from the magnetopause of the earth to stellar explosions and jets.

Figure 5.1: A KH unstable velocity field.

If the flow is magnetised, the properties of the instability are modified; for the linear stabil-
ity analysis, see Chandrasekhar (1961), and for numerical simulations, see, e.g., Malagoli et al.
(1996); Frank et al. (1996); Jones et al. (1997); Keppens & T6th (1999); Keppens et al. (1999);
Jeong et al. (2000); Ryu et al. (2000). The influence of the field depends both on the geometry and
the field strength.

By virtue of the magnetic tension, field lines resist bending but can easily be dislocated as a
whole in directions orthogonal to b. Ifa magnetic field threads the 2d KH-unstable system of
Eqn. (5.1) in z direction, the shear flow and the perturbation only lead to a displacement of the
field lines without bending. The field, thus, only impacts the flow via the magnetic pressure %bf,
and the stability properties and growth rates of the instability do not change. If, on the other
hand, the field is oriented along the shearing interface, b= (by, O,O)T (or has at least a non-zero
x component), any perturbation of the interface has to bend the field lines and, thus, requires the
flow to work against magnetic tension. The energy density required is larger for perturbations
of short wave length. Thus, the magnetic field stabilises the shortest modes, and, for sufficiently
strong field, all modes will be stabilised. Weaker fields do not suppress the instability but lead
to considerable modifications in the non-linear evolution (Malagoli et al. 1996; Frank et al. 1996;
Jones et al. 1997; Ryu et al. 2000).

We shortly summarise results from previous simulations (see Ryu et al. 2000,and references
therein). We assume a flow-aligned initial magnetic field, i.e., b = (b,0,0)”.

1. For sufficiently strong initial fields, i.e., for an initial Alfvén number Ms = vo/ca < 1,
stabilisation occurs, and the initial perturbation is damped very quickly.

2. If the field is slightly weaker, with an Alfvén number M 2 1, the instability is stabilised
only in the non-linear regime. The field is amplified in the KH vortex and becomes strong
enough to prevent non-linear turbulence.

3. Even weaker fields with M = 2 do not provide stabilisation neither in the linear nor in
the early non-linear phases. In their simulations of weak initial fields, Jones et al. (1997)
distinguish between the disruptive and dissipative regimes. If the field is strong enough to
reach an Alfvén number of 0.5 within one vortex rotation, the KH vortex is disrupted by
magnetic reconnection, leading to a broad, laminar transition layer between the oppositely
streaming regions of the fluid. In the dissipative regime, the field does not disrupt the vortex,
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but enhances dissipation due to reconnection via tearing-mode instabilities. Turbulence
develops and, lacking further energy input, decays slowly. Note that the reconnection can
be due to both physical and the inevitable numerical resistivity.

4. In 3d, the KH vortex can be destabilised even without magnetic field by HD perturbations
along its axis. For non-vanishing magnetic field, additional field amplification is observed
due to secondary vortices.

Our study of the MHD KH instability is motivated by our interest in the physics underlying
the instability as well as by a particular astrophysical system, viz. the shear interface forming
between two merging neutron stars. Considered to be the most promising model for short GRBs,
this system was investigated by several authors (e.g., Oechslin et al. 2002; Oechslin & Janka 2006;
Oechslin et al. 2007; Rosswog et al. 2000; Rosswog & Davies 2002; Rosswog & Liebendorfer
2003; Rosswog et al. 2003; Rosswog 2007), in most cases using the SPH method. After a phase
of inspiral due to the loss of orbital angular momentum and energy by gravitational radiation, the
two merging NS touch each other in a rather thin contact surface. Rotating about the barycentre
of the system, the gas inside the two stars has opposite tangential velocities on either side of the
contact surface. Thus, the surface is unstable to the KH instability. In numerical simulations, the
growth of the instability has been observed, at first only in the HD limit, but recently also including
magnetic fields (Price & Rosswog 2006; Rosswog 2007). In these simulations, an extremely
fast amplification of the magnetic field in the KH vortices is observed, reaching field strengths
exceeding 10'> G within one millisecond. We want to check these claims by simulations using
a grid-based MHD code as opposed to the SPH simulations of Price & Rosswog (2006), seeking
confirmation by an independent numerical method. Since we are only studying a particular aspect
of the merger problem, we use local simulations, i.e., we simulate only a small part of the contact
surface using initial data resembling the situation in a merger.

5.1.2 Overview of our simulations

We performed two different sets of simulations: we use non-dimensional domain sizes and
initial data to study the fundamental physics of the KH instability as well as values motivated by
the merger case. The first set of models closely connects our study to the previous KH simulations
of Malagoli et al. (1996); Frank et al. (1996); Jones et al. (1997); Keppens & Té6th (1999); Keppens
et al. (1999); Jeong et al. (2000); Ryu et al. (2000). We used an ideal-gas EOS in these simulations.
The merger simulations, on the other hand, allow us to compare our results to the ones by Price &
Rosswog (2006). To roughly approximate the physical conditions in mergers, we used the hybrid
EOS (see Sect. 2.1.2). Our simulations were performed both in 2d and 3d.

In all simulations, the shearing interface was perpendicular to the y direction with perturbed
shearing velocities in x direction. We smoothened the interface by a tanh profile of a certain
width, i.e.,

v, = votanh > (5.2)
hy
where we set the width of the interface, &y, to a tenth of the grid size. The same profile was used
by Frank et al. (1996); Jones et al. (1997); Jeong et al. (2000); Ryu et al. (2000). We added a small
sinusoidal perturbation in y (and z for 3d runs) velocity near the interface. The initial state had
a homogenous density pg and pressure Fy. We used periodic BCs in x and z, if 3d, direction, and
reflecting BCs in y direction.
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5.1.3 Results
Non-dimensional simulations

We first discuss the non-dimensional simulations which allow us to investigate several aspects
of the evolution of the KH instability in detail. Most of the simulations are similar to the ones
performed previously by, e.g., Frank et al. (1996); Jones et al. (1997); Jeong et al. (2000); Ryu
et al. (2000). However, we will also present a few new models, in particular concerning the MHD
KH instability for supersonic flows. Tab. 5.1 gives an overview of the models we simulated.

model name spatial dimensions pg Py Vo by comments

nKH2-s-HD 2 1 0.6 0.5 0 HD model

nKH2-s-HD-o 2 1 0.6 0.5 0 outflow BC

nKH2-S-HD 2 1 0.0375 0.5 0 HD model

nKH2-S-HD-o 2 1 00375 0.5 0 outflow BC

nKH2-s-S 2 1 0.6 0.5 1 linear stabilisation

nKH2-S-S 2 1 00375 0.5 1 linear stabilisation

nKH2-s-1 2 1 0.6 0.5 0.2  non-linear stabilisation
nKH2-s-I-o0 2 1 0.6 0.5 0.2 outflowBC

nKH2-S-I 2 1 0.0375 0.5 0.2 non-linear stabilisation
nKH2-S-I-o0 2 1 0.0375 05 0.2 outflow BC

nKH2-s-W1 2 1 0.6 0.5 0.02 disruption/dissipation
nKH2-s-W1-0 2 1 0.6 0.5 0.02 outflow BC

nKH2-s-W2 2 1 0.6 0.5 0.008 disruption/dissipation
nKH2-s-W3 2 1 0.6 0.5 0.002 disruption/dissipation
nKH2-S-W1 2 1 0.0375 0.5 0.02 disruption/dissipation
nKH2-S-W1-o0 2 1 0.0375 05 0.02 outflow BC

nKH3-1 3 1 0.6 0.5 0.02 I =5/3,disruption/dissipation
nKH3-2 3 1 0.0375 0.5 0.02 T =5/3,disruption/dissipation

Table 5.1: Initial data of non-dimensional models. We list the model name, the initial density and
pressure, the shear velocity, and the initial magnetic field.

Two-dimensional models We will first discuss two-dimensional simulations of the KH insta-
bility, confronting the results for subsonic and supersonic shear flows. The simulations were
performed on a grid of m, x m, = 200 x 200 zones, unless stated else.

Purely hydrodynamic simulations We begin the discussion with the HD case. We show re-
sults from the simulations of a KH-unstable shear layer with initial density po = 1 and pressure
Py = 0.6 in Fig. 5.2 (model nKH2-s-HD). The adiabatic index of the EOS was %, and the initial
velocity was vg = 0.5, corresponding to a Mach number of M ~ 0.56. We perturbed the equi-
librium with a sinusoidal y component of the velocity profile of a wavelength A = 2 equal to the
grid size. The results agree well with our expectations: the instability grows at a rate close to the
analytic value o = kvg = m/2, and shortly after the start of the evolution, a KH vortex forms at
the shearing interface. The formation of the vortex goes along with a decrease of the total kinetic
energy as some of the energy of the shear flow transfered into internal energy. Once the cat’s eye is
established, the further evolution is governed by its dissipation due to numerical viscosity. Owing
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to the small numerical viscosity of our scheme, this process is very slow. Indeed, the kinetic and
internal energies remain constant — except for oscillations — until the end of our simulation.
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Figure 5.2: KH instability: non-magnetic case with subsonic shear, model nKH2-s-HD. The left
panels show the temporal evolution of the volume-averaged total kinetic energy (top) and the
volume-averaged kinetic energy in vy (bottom). The panel on the right shows the fluid flow at
t = 50. The individual panels show (left to right, top to bottom) density, pressure, vy, and v,. In
the bottom right panel we show the velocity vector field, too.

We next discuss a model without magnetic fields in which we reduced the initial pressure to
Py = 0.0375 keeping all the other initial data fixed (model nKH2-S-HD). Consequently, the flow
is supersonic at a Mach number M ~ 2.23. In this case, the evolution is considerably different
(see Fig. 5.3). In both cases, pressure waves are emitted initially near the interface that travel
towards the top and bottom boundaries where they are reflected back towards the interface. There,
reflection occurs again as waves returning from either boundary meet again. Thus, in both models,
the evolution of the instability occurs in a background of pressure waves travelling resonantly
back and forth in y direction and advected with the shear flow. These waves, reminiscent of the
resonant modes identified by Perucho et al. (2007), are of little relevance to the subsonic model,
but dominate the dynamics of the supersonic flow in which they steepen into shock waves. The
formation of a KH vortex is delayed: the build-up of transverse kinetic energy (i.e., energy in the y
component) and the conversion of energy from the shearing motion to internal energy is extremely
slow compared to the subsonic case, with a growth rate that is reduced by a factor of ~ 10. Near
the grid centre, several shock waves of different orientation interact after ¢ ~ 145, leaving behind
a complex flow pattern. The KH vortex is created in this flow, and, shortly afterwards, it possesses
a distinctly elongated (in x direction) shape, and does not assume its characteristic shape before
t 2 160 (as opposed to ¢ ~ 15 in the previous model). Even at this stage and beyond, the presence
of shock waves imprints substantial modifications onto the flow, most notable in the surroundings
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of the vortex. The final values of the partial (i.e., kinetic, magnetic, and internal) energies show a
strong decrease of the kinetic energy and a consequent increase of the internal one. Since the KH
instability grows only very slowly and, if we take the final v, as a measure, saturates at a lower
level, we conclude that the main agent for kinetic dissipation in this model is shock heating rather
than the KH instability.
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Figure 5.3: Same as Fig. 5.2, but for the supersonic non-magnetic case, nKH2-S-HD. The time at
which the flow and magnetic fields are displayed is ¢ = 200.

Strong field We now discuss models with a strong initial field, by = 1 (models nKH2-s-S
and nKH2-S-S). If the Alfvén number of the shear flow is less than unity, the magnetic tension
suppresses the instability. The initial shear persists until the end of the simulation (see Fig. 5.4).

Intermediate field — nonlinear stabilisation If the magnetic field is reduced below the limit
for linear stabilisation, the KH instability grows in the linear phase, and a KH vortex forms. With
the field amplified in the overturning vortex, it eventually becomes large enough to resist further
bending, thus stabilising the instability in the non-linear phase.

We demonstrate this for a model with pg =1, Py = 0.6, vg = 0.5, and bg = 0.2, and an adiabatic
index of I' = %‘ (model nKH2-s-1, see Fig. 5.5). The instability develops and grows exponentially,
but after the magnetic energy reaches a maximum, it gradually decreases again close to its initial
value.

It is important to note that, although we are evolving the equations of ideal, i.e., non-resistive,
MHD, numerical resistivity is present and enables effects similar to the ones due to a physical re-
sistivity, viz. the reconnection of field lines and the dissipation of magnetic into internal energy.
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Figure 5.4: The KH instability with a strong initial field, model nKH2-s-S. We compare the initial
shear profile v,(y; = 0) (dashed line) with the profiles at a later time, v,(y;# = 50) (solid lines).
Each solid line represents a profile at a given x coordinate. Because the profile is essentially
unchanged during the evolution, the lines nearly lie on top of each other.

Though a purely numerical effect, this dissipation has a physical equivalent which it mimics: in
ideal MHD (or for exceedingly large Rep,), energy is transferred to ever smaller length scales in
the turbulent cascades. Eventually, the magnetic energy injected at a large length scale reaches
the scale set by the grid resolution. As a consequence, it can no longer be represented by the
discretised magnetic fields. Instead, the sub-grid energy is assigned to the internal energy. Hence,
numerical resistivity (and, analogously, numerical viscosity) acts as a sub-grid model for unre-
solved dynamics.

As a result of numerical resistivity, we observe the dynamics noted by Jones et al. (1997):
the emergence of coherent flow and field structures and their subsequent disruption in intense
reconnection events. These processes mediate the efficient conversion of kinetic energy to internal
one. As a consequence, the kinetic energy decreases much stronger than in the non-magnetic
case. The flow field at the end of the simulation shows little resemblance of a KH vortex. Instead,
we find a broad transition region between oppositely streaming fluid layers, populated by thin
magnetic flux sheets. The flow is rather laminar than turbulent, with elongated streaks of gas and
field stretching across the domain.

We find significant differences to the behaviour described above when the shear flow is super-
sonic (model nKH2-S-I, Fig. 5.6). Considering the evolution of the internal energy, we find a
final value relatively close to the subsonic model, very much unlike the non-magnetic version of
the supersonic model. This is somewhat unexpected since we do not observe the formation of a
KH vortex in this case but rather a shock-dominated dynamics similar to the non-magnetic model.
Consequently, the shear profile in the final state of the simulation is much closer to the initial one
than that of the subsonic model. The y component of the velocity which is generated almost en-
tirely by the instability, grows significantly faster than without field, but saturates at a similar level.
We attribute these effects to a minor importance of the shocks generated from pressure waves in
this model. The magnetic field remains weak w.r.t. the internal or kinetic energy, but in the early
phases of the evolution, on each side of the shear interface, a stable thin magnetically dominated
layer develops isolating the interface from the outer region and preventing the formation of a vor-
tex. The separation of an interior and an exterior region also reduces the intensity of the travelling
pressure waves and, consequently, the dissipation of kinetic energy in shocks. The generation of
a vortex in a way similar to the non-magnetic model, i.e., mediated by shocks interacting at the
shearing interface, appears to be inhibited by the separation of the interface from its surroundings
by the highly magnetised layer.
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Figure 5.5: The KH instability with an intermediate magnetic field and subsonic flow, model nKH2-
s-1. The four panels on top show the temporal evolution of (left to right, top to bottom) the volume-
averaged kinetic energy (the solid black, dashed blue, and dashed green lines correspond to the
total, the x, and the y component, respectively), the logarithm of the volume-averaged energy in
y motion, the volume-averaged magnetic energy (the solid black, dashed blue, and dashed green
lines correspond to the total, the x, and the y component, respectively), and the volume-averaged
internal energy. The bottom group of four panels shows the model at + = 50. Here, the top left
and right panels display the density and the pressure, respectively. The bottom left and right plots
show the magnetic field strength and the kinetic energy density, respectively. In the bottom left
and right panels, we plot the magnetic field lines and the velocity vectors, respectively.
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Figure 5.6: Same as Fig. 5.5, but for the supersonic model with intermediate field, nKH2-S-1. The
time step displayed in the bottom set of panels is r = 400.
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Weak fields — disruption and dissipation Models with an even weaker initial magnetic field
were characterised as disruption or dissipation models by Jones et al. (1997). In both regimes,
a KH vortex develops. The magnetic field forms thin flux sheets as it is wound up by the vortex
overturns. If two flux sheets of opposite polarity come to lie close to each other, they become
unstable against the resistive tearing-mode instability leading to the reconnection of field lines
of different orientation and the conversion of magnetic energy into kinetic. Since the magnetic
energy was previously amplified at the cost of the kinetic energy, the tearing modes essentially
act as a catalyst facilitating the dissipation of kinetic energy into internal energy. These effects
characterise the dissipation regime. In the disruption regime, another effect adds: the magnetic
field eventually becomes strong enough for the flows generated in tearing modes to disrupt the
vortex, leaving behind only a broad transition layer in which turbulent flow and magnetic fields
decay slowly. The dynamics of the flow and the magnetic field is highly coupled since the fields are
dominated by flux sheets in which the velocity and magnetic fields are aligned to a large degree,
reminiscent of the Alfvén effect in MHD turbulence. Consistent with this observation is the near
equipartition between the turbulent magnetic and kinetic fields, measured by the kinetic energy of
the flow in y-direction and the magnetic energy of the y component of the field, that can be found
in disruption models (see below).

Simulating a subsonic model with the same HD initial conditions (and the same resolution)
as before, but by = 0.02 (model nKH2-s-W1), we observe the typical dynamical evolution of
the disruptive regime (Fig. 5.7). The instability grows in the linear phase exponentially, and KH
vortex forms. The magnetic field develops a complex, tangled geometry around the vortex, and
reconnection mediates the dissipation of kinetic energy; this decrease is more gradual than for
stronger fields. The flow geometry is severely affected as the KH vortex disintegrates, leading to
a final flow field much less laminar than for intermediate fields. The initially thin shear interface
extends over the entire y range of the domain.

The magnetic field preserves a large number of thin coherent flux sheets of different lengths.
This geometry is the key to the understanding of the problem how the field, although energetically
the least important component of the system, can have such a pronounced effect on the flow. The
field is on (volume-)average at any stage of the evolution significantly below the energy required
for equipartition both with the velocity field and the internal energy (we will refer to these variables
as the kinetic and thermal equipartition fields). Thus, a purely kinematic analysis based upon the
comparison of the total energies would suggest that the field can be neglected. Nevertheless, as
the field is amplified in the KH vortex, it becomes dominant in localised regions, viz. the thin
flux sheets. The maximum field strength is of the order of the kinetic equipartition field. This
local dominance suffices to impact the flow globally and change its geometry and evolution. As
reconnection sets in, and leads to a decreasing flow velocity, and the disruption of the KH vortex,
the maximum magnetic field strength decreases again. The field is still strongest in thin flux sheets
and the field strength locally in or above equipartition with the kinetic energy. The total magnetic
energy in the saturation state is roughly constant in time, but fluctuates strongly.

In the late-time state, all components of the magnetic field remain strong and fluctuate strongly.
We find that, on average, the total energies of the y components of the kinetic and the magnetic
field are in equipartition. The rather turbulent flow will decay on much longer time scales due to
numerical viscosity.

We add a few comments on the dependence of the results on the grid resolution. As already
noted by Jones et al. (1997), higher resolution leads to stronger rather than weaker dissipation,
despite the reduced numerical diffusion. We confirm this by comparing simulations of the subsonic
weak-field model for different resolutions (1002, 2002, 4002, and 8007 grid points, see Figs. 5.7 —
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Figure 5.7: Same as Fig. 5.5, but for the subsonic model with a weak initial field, model nKH2-s-
W1. The 2d plots of the bottom panels show the flow at t = 50. Differing from Fig. 5.5, we show
the magnetic field topology (bottom left panel) not using field lines but rather by field vectors.
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5.10). In all simulations, the linear phase of the instability is very similar, as can be seen, e.g., in
the growth of the kinetic energy of y motion. The non-linear phase, on the other hand, depends on
the resolution: the saturation level of the magnetic field is larger for better resolved simulations,
and the conversion of kinetic to internal energy proceeds faster.

This behaviour can be understood by the dynamics of the flux sheets created around the vortex
(Jones et al. 1997).

In all simulations, the magnetic energy resides in thin flux tubes that eventually reconnect when
coming to lie close to each other. Only if the sheets have fields of the order of kinetic equipartition,
their reconnection will dissipate sufficient energy to lead to a fast disruption of the vortex. If the
energy is too small, only slow dissipation of the energy will occur instead of a fast global change
of the dynamics.

On the other hand, the length scale of annihilation is set to a few grid cells by numerical resis-
tivity. On finer grids, we can follow the stretching of the flux sheets by the vortical motion down
to thinner sheets. Since it is the stretching of the flux sheets that amplifies the field, the magnetic
energy that can be reached is larger in better resolved simulations. Thus, the development of the
kinetic equipartition fields required for reconnection to affect the flow strongly in the disruptive
regime can be resolved only on sufficiently fine grids. The enhanced numerical resistivity corre-
sponding to a coarse grid can enable reconnection of flux sheets before the field reaches kinetic
equipartition, thus preventing disruptive dynamics.

We confirm this by comparing the results of our simulations at different resolution. In the
worst resolved of the simulations, i.e., at 1002 grid cells, the vortex still persists as a coherent
structure at ¢ > 100, whereas all of the simulations employing finer grids clearly belong to the
disruptive regime. Our simulation show approximately convergence in the evolution of the kinetic
and internal energy for grids of at least 400? zones. At this point, the amplification of flux sheets
can be resolved well enough to locally lead to kinetic equipartition fields (e.g., in the flux sheets
in the bottom left panel of Fig. 5.9). The total magnetic energy, in contrast, still shows significant
differences (compare the evolution of the magnetic energy in Figs. 5.9 and 5.10). We attribute
these to the large temporal fluctuations in the turbulent flow which, possessing a random element,
differ strongly between different resolutions, and to the importance of very fine structures of the
magnetic field that can be resolved only on finer grids. We add one further observation where
dissipation and disruption models differ: whereas, in the saturated state, the y components of
velocity and magnetic field are in equipartition in the latter class of models, the kinetic energy
in the y-direction is much larger than the magnetic energy in the same direction for dissipation
models.

Guided by these simulations, we formulate the hypothesis that the generic behaviour of weak-
field models is the disruption regime, and that the dissipative evolution of a simulation is a mere
artefact of insufficient grid resolution. We speculate that a converged simulation is characterised
by disruptive dynamics, i.e., by amplification of magnetic fields to kinetic equipartition in thin flux
sheets, a global change of the dynamics, and equipartition of the transverse kinetic and magnetic
energies in the saturated state. The main effect of the initial field strength should be to set the time
scale of disruption by the time it takes to stretch the flux sheets sufficiently for the field to reach
local kinetic equipartition strength.

We must add a remark on a technical difficulty implied by our hypothesis: a consequence of
the dependence of the maximum field amplification by flux-sheet stretching on the numerical
resolution is that the grid resolution required for convergence is a function of the initial field
strength. For weaker fields, a larger amplification, corresponding to larger amount of stretching of
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the flux sheets, is required to reach kinetic equipartition. Hence, we must be able to resolve finer
flux sheets before dissipation by numerical resistivity sets in. As a consequence, a smaller cell
width is necessary for weaker fields, and we may be unable to resolve the disruption dynamics for
very weak fields on grids of computationally affordable size.

To test our hypothesis, we evolved subsonic models with very weak fields (we set by = 0.008
and by = 0.002 for models nKH2-s-W2 and nKH2-s-W3, respectively). When using a resolution
of 2007 grid points in both simulations, they are either dissipative (bg = 0.008) or essentially non-
magnetic (bg = 0.002). A stable vortex forms, and thin magnetic flux sheets are wrapped up around
the vortex. Once the vortex is formed, little or hardly any dissipation of kinetic energy occurs due
to the weakness of the magnetic field. For the weaker of the two initial fields, by = 0.002, even
a resolution of 8007 does not suffice to enter the disruptive regime, and only slow dissipation of
kinetic into internal energy occurs. In the model with by = 0.008, on the other hand, the vortex
in the model with a resolution of 4007 cells persists until the end of the simulation at t = 50
whereas it is disrupted by the magnetic field at a resolution of 8007 cells. Comparing the latter
simulation with one of a resolution of 12002 cells, we find that a resolution of 8002 is sufficient
for convergence. These simulations foster our hypothesis that, when resolved sufficiently well, the
models show disruptive dynamics, and that the resolution required for convergence depends on the
initial field strength. The results, furthermore, indicate that, as we argued above, for weaker initial
fields, the disruption of the vortex occurs on longer time scales.

We finally compare models of different initial field strength and different resolution, but with the
same HD background, i.e., density, pressure and shear velocity. We find that for disruption models
(i.e., models that — according to our hypothesis — are converged), the maximum field strength is
independent of the initial field and the grid resolution. This is consistent with our expectation
that even very weak initial fields are amplified to local kinetic equipartition strength. The mean
magnetic fields, on the other, depend on the initial field strength as does the vortex disruption time
scale: the stronger the field initially, the stronger the mean field, and the shorter the disruption
time.

Our results also allow us to draw a few conclusions on the dissipation properties of our code.
The analogous models from Jones et al. (1997) (their models 6 and 7) were simulated with grids
of 256% and 5122 zones. For both grids they found dissipative dynamics. The results of our
resolution study in mind, we suspect that the different behaviour of our models w.r.t. theirs comes
from a significantly reduced numerical diffusion of our code using high-resolution methods. To
further support this hypothesis, we simulated the same model using lower-order methods, viz. PLM
reconstruction (minmod slope limiter) and a non-MUSTA solver. We observed a much more stable
vortex, and less dissipation of kinetic into internal energy.

We briefly discuss a supersonic weak-field model with Py = 0.0375 (model nKH2-S-W1, see
Fig. 5.11). The evolution differs both from the non-magnetic and the intermediate-field versions
of the model. The early evolution is similar to the non-magnetic model as shocks form and inter-
act, no layers of strong magnetisation shielding the shear interface. However, several flux sheets
develop, the most magnetised of which (with a magnetic pressure amounting to § > 1) forms
along the warped shear interface, preventing the formation of a stable vortex after the interaction
of shocks as in the non-magnetic case. Instead, the resistive dissipation of the flux sheets leads
to a flow pattern resembling that of the subsonic model: a broad transition region between oppo-
sitely flowing gas in which thin flux sheets are embedded. At this stage, shocks no longer play an
essential role. The evolution of integral quantities such as the kinetic and internal energies is very
similar to the non-magnetic case.
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Influence of BCs In all models described up to now, we used reflective BCs in y direction,
which will not apply to all KH-unstable systems. Thus, we simulated some of the models using
outflow BCs in y, viz. the intermediate-field and weak-field versions of both the subsonic and the
supersonic models.

For subsonic models, there is only a modest dependence on the BCs. Model nKH2-s-I-0 evolves
similarly to model nKH2-s-1 during the linear and most of the saturation phase. Since the sta-
bilised transition region that develops after the destruction of the KH vortex is not confined to the
numerical domain by the BCs, it can grow in y extent to more than the grid size. During this
growth, material and energy is removed from the grid by motions in y direction. We can draw
similar conclusions for the weak-field version of the model, nKH2-s-W1-o0, and the purely HD
model nKH2-s-HD-o. In none of them does the dynamics depend crucially on the BCs.

In contrast, a large impact is observed in supersonic models because there, the reflection of
pressure waves at the y boundaries is important to shape the shock waves that form from the
pressure waves. With reflecting BCs, the system acts as a cavity for the waves, but, if we allow for
outflow, the waves simply leave the grid and cannot affect the shear interface. As a consequence,
the purely HD model nKH2-S-HD-o is stable. The initial perturbation is damped away rapidly, and
the shear profile remains unchanged. With weak magnetic fields, on the other hand, the instability
is present, but much weaker than with reflective BCs. We do not observe the shocks that were
dominant for models with reflective BCs. This emphasises their importance for the development
of the supersonic KH instability. If a vortex forms at all, it is much less prominent than in previous
models.

The influence of the results on further physical parameters such as the grid size is left for further
investigation.

Three-dimensional models In three-dimensional simulations, Ryu et al. (2000) noted that the
KH vortex is unstable against (purely) HD instabilities: coherent vortex tubes near the vortex exert
non-axial stresses on the vortex, and fluid elements are prone to the so-called elliptic instability,
an instability caused by time-dependent shear forces fluid elements feel as they orbit the vortex
on elliptic trajectories. The result is isotropic decaying turbulence. If a (weak) magnetic field is
present and disrupts the vortex, the post-disruption flow shows a larger degree of organisation than
without magnetic fields due to the prevalence of flux tubes and sheets in which the magnetic and
kinetic fields are aligned.

We studied the disruption regime in three-dimensional models, too. The evolution of model
nKH3-1 shows the typical characteristics of a weak-field disruption model. The temporal evolution
of the model, computed on a grid of 320° zones is displayed in Fig. 5.12, and the topology of the
magnetic field is shown in Fig. 5.13. The kinetic energy decreases, being transformed into internal
energy by the magnetic field, which is amplified up to kinetic equipartition locally. Different
from the two-dimensional models, the energy of the y and z components of the magnetic field
are significantly larger than the kinetic energies of the corresponding velocity components. The
structure of the magnetic field is dominated by thin flux tubes. During the disruption of the vortex,
the flux tubes first possess a very tangled, locally approximately isotropic shape, but become more
and more elongated in x direction later, until they finally are roughly constant in x-direction. The
large-scale magnetic field shapes the resulting turbulent velocity field by reducing the extension of
features in the cross-field direction and expanding them in the parallel direction to the field. This
reduction of dimensionality is typical for MHD turbulence.
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We note some interesting observations regarding the final state (Fig. 5.14): the flow can be
divided into regions of intense magnetisation (high ) and low-density, but low velocity, both
in the x component (i.e., the original shear) and in the orthogonal components. We find local
overturn motions (these can be identified in the bottom right panel of the figure by the bright
orange regions). In these regions, the field is weak, and the fluid motion is inhibited in directions
perpendicular to the field lines. These phenomena are reminiscent of effects well-known from
MHD turbulence: the Alfvén effect leads to a quasi-2d structure of the field and the flow, and the
magnetic field and the flow are separated due to the expulsion of magnetic flux from overturning
cells and the suppression of cross-field motion. As a result, magnetic flux accumulates in calm
flow regions.

We finally show the results of a three-dimensional simulation of a supersonic model, model
nKH3-2 (Fig. 5.15). We observe the emergence of shock waves from resonantly travelling pressure
waves. After the transient formation of vortex-like patterns, these features are rapidly disrupted.
Dissipation of kinetic to internal energy occurs very efficiently. The final state of the model is
similar to that of the subsonic model nKH3-1: we find quasi-2d MHD turbulence, dominated by
flux tubes, in the familiar broadened shear layer.
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Figure 5.12: Temporal evolution of the three-dimensional model nKH3-1. The top left panel
shows the kinetic energy versus time: the total energy and the partial kinetic energies of the x, y,
and z components are shown by the solid black, the dashed blue, dark green, and light green lines,
respectively. The top right panel shows the logarithm of the y and z partial kinetic and magnetic
energies, with solid black and dashed blue corresponding to the y and z partial kinetic energies
and dashed dark green and light green corresponding to the y and z partial magnetic energies,
respectively. The bottom left panel shows the temporal evolution of the magnetic energy: solid
black, dashed blue, dark green, and light green lines correspond to the total, and the x, y, and z
partial energies, respectively. The bottom right panel shows the evolution of the volume-averaged
internal energy.



120 APPLICATIONS

Figure 5.13: The structure of the magnetic field of model nKH3-1. The panels show a volume
rendering of the magnetic field strength, ||, at different times, t =9.1,t =15.7,t =24.4,t =34.0,
t =66.7, and r = 87.5 (left to right, top to bottom). The x, y, and z axes are represented by the red,

green, and blue arrows, respectively.
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Figure 5.14: The flow and field structure of model nKH3-1 at r = 87.5. The axes are coded
by the same colours as in Fig. 5.13. The panels show volume renderings of different variables.
The top left and right panels show the density and the gas pressure, respectively. The middle
left and right panels show the modulus of the velocity ||, and the x component of the magnetic
field, respectively. The bottom left panel shows the strength of the orthogonal magnetic field,

1/ b% + b2. The bottom right panel shows a combined rendering of the magnetic field strength |B|

(blue—green—yellow colours) and of the orthogonal velocity field, v% +v?2 (reddish colours).
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Figure 5.15: Same as Fig. 5.12, but for model nKH3-2.

Merger-motivated simulations

We now discuss models that explore the growth of the KH instability at the contact interface
of two merging NS. We used the hybrid EOS to describe the NS matter. The initial data were set
to values mimicking the conditions at the contact interface, and the geometry was the same as in
the models discussed above. We used a grid of size (2km)? in 2d and (2km)? in 3d simulations,
and triggered the instability by applying perturbations of the same type as before. The models are
listed in Tab. 5.2. We used a resolution of 8002 cells in 2, and 1003 cells in 3d, and reflecting BCs
in y-direction. This choice is more appropriate than outflow BCs, since we expect the matter near
the contact surface to consist of relatively tenuous gas bounded by the very steep density gradients
of the colliding NS acting as a hard wall. We note, however, that these are artificial conditions, i.e.,
our results do not unambiguously carry over to an actual merger system.

Two-dimensional models We first consider a cold model (i.e., vanishing entropy, S = 0) matter
of an initial density py = 10'3gcm™3. For a shear velocity of 1.8 x 10°cms™! ~ 0.5¢,, and an
initial magnetic field of by = 103 G (model mKH2-1, see Fig. 5.16), we find the well-known dis-
sipative behaviour. The instability grows within ~ 0.5 milliseconds and saturates with a stable KH
vortex. The magnetic field is amplified by a factor of ~ 100, leading to maximum field strengths
around 10" G. Similar to all models discussed above, the flow geometry is reflected in the field
geometry: the field is highly intermittent and consists of many thin flux sheets. Thus, the total
magnetic energy as well as the Maxwell stress components correspond to a mean field strength
of much less than the maximum value, viz. ~ 10'*G. Having in mind our previous results, we
suspect that the dissipative dynamics is only an artefact of our resolution (800 x 800 cells) which
does not allow to resolve the development of extremely thin flux sheets where dissipation occurs.

We consider next models which, due to sufficient resolution, exhibit disruptive dynamics. We
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model name | dimensions Po So Vo bo
[103gem ] [10%ms~']  [10°G]

mKH2-1 2 1 0 1.8 1

mKH2-2 2 1 0 1.8 10
mKH2-3 2 1 0 2.9 10
mKH2-4 2 1 4 1.8 10
mKH2-5 2 1 4 4.2 20
mKH2-6 2 1 4 6.3 40
mKH2-7 2 1 4 6.3 10
mKH3-2 3 1 0 1.8 10
mKH3-5 3 1 4 4.2 10
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Table 5.2: The initial data of the merger-KH models. Given are the model name, the initial density,
entropy, shear velocity and magnetic field, respectively.

Figure 5.16: Temporal evolution of model mKH2-1. The top panels show the evolution of the
volume-averaged kinetic energy (total, x, and y components are shown by solid black, dashed blue,
and dashed green lines, respectively), and the logarithm of the y kinetic (solid line) and magnetic
(dashed line) energies. The second row displays the volume-averaged magnetic energy (total, x,
and y components are shown by solid black, dashed blue, and dashed green lines, respectively),
and the maximum magnetic field versus time in milliseconds.
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a model similar to the one discussed above, but with an initial magnetic field of 10'* G, model
mKH2-2 (Fig. 5.17). In this case, we find disruption dynamics. Within less than 0.5 milliseconds
the instability saturates, and about 0.3 milliseconds later the field is amplified to local kinetic
equipartition. The maximum field strength rises to approximately 8 x 10> G. As reconnection
sets in, the vortex is disrupted within less than 0.5 milliseconds, and the maximum field strength
decreases oscillating around approximately 3 x 10'> G at later epochs. The snapshot of the flow
field in Fig. 5.17 shows the model at t = 0.9ms. At this point, the magnetic field is wound up
around the vortex, reaching a maximum field strength of 6.1 x 10'> G. The field topology consists
of a number of thin flux sheets. Because of the increased magnetic pressure inside the sheets
balancing the exterior gas pressure, the gas pressure (and density) is reduced within the sheets.
Where flux sheets lie close to each other, reconnection sets in leading to a very complex pattern
of flux sheets. At some points isolated circular flux sheets are created by reconnection. Sites of
intense reconnection correspond to local maxima of the kinetic energy due to the acceleration of
gas in tearing modes. The overall shape of the vortex is still affected only little, since it is not
penetrated by flux sheets. But as the perturbations of the flux sheets caused by reconnection travel
along the field lines, which themselves are advected by the shear flow and the vortical motion, the
field-free region in the centre of the vortex shrinks. Consequently, the vortex is disrupted later on.

The evolution is very similar for model mKH2-3 (Fig. 5.18), which differs from model mKH2-2
only by a large shear velocity, vo ~ 0.8cs ~ 2.9 x 10°cms~!. The model belongs to the dissipation
class. Since the shear velocity is close to the sound speed, and v, increases locally to Mach
numbers slightly above unity as the vortex forms, the model shares some of the characteristics of
supersonic models. In the early phases, shock waves form, but the dynamics is close to that of a
subsonic model. After ~ 1.2 millisecond, a KH vortex has formed, which is disrupted later by the
same mechanism as in model mKH2-2, albeit somewhat slower, probably due both to the larger
Alfvén number of the shear flow and the locally supersonic motion.

We now turn towards models with a larger entropy, S = 4. The sound speed of these models is
correspondingly larger, cs &~ 8.4 x 10° cms™!. We start with the same shear velocity as in model
mKH2-1, v ~ 0.2cs =~ 1.8 x 10"*cms~! (model mKH2-4, Fig. 5.19). From the large similarity
of this model and model mKH2-2 (Fig. 5.17), we conclude that, for fixed shear velocity, the
increase of the entropy influences the evolution of the KH instability only minor weakly. This is
not surprising, since — for subsonic velocities — the evolution of the instability is roughly adiabatic.

The next model, mKH2-5 (Fig. 5.20) has the same entropy as mKH2-4, but a larger shear
velocity. We set vg = 4.2 x 10°cms™! =~ 0.5¢s. Along with the shear velocity, we increase the
initial magnetic field to by = 2 x 10'*G. The model is disruptive — note that the energies of the
transverse (y) components of the magnetic field and the velocity are in equipartition. The field is
amplified to values of ~ 2 x 10'6G.

If we increase the shear velocity further to vy = 6.3 % 10°cms™! ~ 0.75¢5 (model mKH2-
6, Fig. 5.21), the Mach number of the flow exceeds unity during the formation of the vortex,
and shocks are formed. The larger velocity requires a stronger magnetic field in order to reach
kinetic equipartition. Thus, starting from a rather weak initial, we have to follow the amplification
of the field by a larger factor than for slower shear flows. Consequently, we need a very fine
grid — otherwise, the model will not dissipative rather than disruptive dynamics. This is the case
for model mKH2-7 with a initial field strength by = 10'*G. To avoid the need for finer grids,
we used an initial field strength by = 4 x 10'* G model for model mKH2-6. After the linear
phase, the energies of the y component of the velocity and the magnetic field are in equipartition,
indicating the turbulent disruption regime. The dissipation of kinetic energy into internal one
occurs very rapidly, and, already at r =~ 0.6 ms, the KH vortex has lost its coherence. Temporarily,
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Figure 5.17: Model mKH2-2: temporal evolution and a snapshot at # = 0.9ms. The top panels
show the same variables as in Fig. 5.16. The contour plots show gas density (top left), gas pressure
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of the magnetic and velocity field are drawn in the bottom left and right panels, respectively. The
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Figure 5.18: Same as Fig. 5.16, but for model mKH?2-3.
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Figure 5.20: Same as Fig. 5.16, but for model mKH2-5.

the field reaches maximum values in excess of 2 x 101°G. The vortex is disrupted completely
and is replaced by a broad transition region interspersed with magnetic flux sheets and small
regions of high density confined by field lines. Because the large width of the transition region
implies a smaller shear, and as an instability is not present anymore, the field does not grow but
rather decreases, both in maximum and in mean strength. Nevertheless, the fields are still strong,
b| > 10" G, at the end of the simulation.

Three-dimensional simulations We conclude the discussion with the three-dimensional ver-
sion of models mKH-2 and mKH2-5: models mKH3-2 and mKH3-5, respectively. The temporal
evolution of these models is shown in Figs. 5.22 and 5.23. We used a resolution of 1003 zones
for both models. In both models, disruption of the initial KH vortex occurs within the first 1.5
milliseconds (mKH3-2) and 0.7 milliseconds (mKH3-5), i.e., faster than in the two-dimensional
models. The disruption is due to both the appearance of three-dimensional HD instabilities and
the magnetic field. The maximum field strength the models reach are of the same order as in the
corresponding two-dimensional models: at maximum and near the end of the simulation, we find
~ 10'°G and several 101°G, respectively. There is, however, a marked difference in the mean
magnetic energies: unlike in the two-dimensional models, we find a phase of growth towards the
end of the simulation. In this stage, mainly the x-component of the field grows. Based on our sim-
ulations, we cannot rule out the possibility that this is an artefact of the comparably low resolution
of the model. To check this hypothesis requires more and better resolved simulations. We defer
this interesting question to a future investigation.

Comparison with merger simulations We will now compare our results with the simulations
by Price & Rosswog (2006). In the discussion, we have to carefully distinguish between true
physical effects and artefacts of the finite grid resolution. In the earlier discussion, we pointed out
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Figure 5.21: Same as Fig. 5.16, but for model mKH2-6.
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Figure 5.22: Same as Fig. 5.16, but for model mKH3-2.
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Figure 5.23: Same as Fig. 5.16, but for model mKH3-5.

the need for very fine grids to properly resolve the dynamics in case of small initial fields. Since
we cannot afford infinite resolution, our models fall into two categories, viz. the ones which are
converged (initially strong fields) and the ones far from convergence (initially weak fields).

We start the discussion with the converged models, i.e., the ones belonging to the disruption
regime. In these cases, the maximum field strength and the dynamics are dictated by true physical
effects rather than by the numerics, and, thus, the values we find are close to the physical ones.
The maximum field strength is confined to thin flux ropes interacting with each other by tearing-
mode reconnection. By virtue of these reconnection events, the field reacts back on the dynamics
despite its significantly sub-equipartition strength. This backreaction prevents further growth, and
hence limits the field strength.

In all of these models, we find maximum field strengths that are similar to the values found by
Price & Rosswog (2006), i.e., of the order of several 10'°> G, and transiently even stronger. On
grounds of a kinematic analysis, i.e., neglecting the backreaction of the field onto the dynamics,
Price & Rosswog (2006) estimated saturation fields of the order of 10'6-18 G, The maximum field
strengths of our models are at the lower end of this range, near the kinetic equipartition field. As
the field lines are reconnected by tearing modes, the velocity decreases and the flow geometry
is changed globally. The maximum magnetic field still remains near kinetic equipartition, thus
decreasing with the kinetic energy. Consequently, in none of our models do we find sustained am-
plification to the enormous field strengths estimated by Price & Rosswog (2006) as upper bounds
of amplification. Due to the intermittency of the fields, the mean magnetic fields are even consid-
erably weaker. The reason for the discrepancy between our simulations and the kinematic estimate
is that, by local backreaction of the field onto the flow, a very short and localised development of
equipartition fields changes the flow globally such that the kinematic equipartition values based
on the unmodified shear flow no longer apply.

If the field is too weak to impact the dynamics, i.e., if we are in an essentially HD or in the weak
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dissipation limit, the field is amplified linearly. We observe amplification by approximately two
orders of magnitude. Maximum field strengths are at most of the order of 10'> G, again confined
to thin flux ropes. In these cases, the field amplification is limited not by physical effects but rather
by the numerical resolution. Having in mind our resolution studies for non-dimensional models,
we argue that, for sufficient (but unaffordable) resolution, the models enter the disruptive regime,
and the field strength is again limited to near-equipartition values by reconnection in tearing modes
and the resulting backreaction on the flow.

We note that the initial field strengths we require for the disruption regime given our typical grid
resolution are already extremely large and most probably not representative for merging NS. On
the other hand, based on our resolution studies, we argue that weaker initial fields will be amplified
locally in thin flux sheets to a similar strength than these fields, although the amplification may
require more time.

This result may seem disappointing, if one expects the creation of extreme magnetic fields
at the contact surfaces of merging NS and a subsequent large impact of the magnetic fields on the
dynamics of the merger. However, they can also be interpreted in a more optimistic way: the results
highlight the possible dynamic importance of magnetic fields globally far below equipartition and
point out the necessity of a self-consistent dynamic MHD modelling of merger events with high-
order numerical methods and very good spatial resolution.

5.2 Magneto-rotational instability

THE MAGNETIC FIELD STRENGTH IS PROPORTIONAL TO OUR IGNORANCE.

John Hawley

5.2.1 Physical motivation

Our goal is to investigate the non-linear evolution of the MRI in the context of post-collapse SN
cores. Using semi-global shearing disc simulations, we want to focus on the field amplification
and the turbulence due to the instability, and to study the transport properties of the turbulent
magnetic and flow fields. The most important question we will address is whether or not the
MRI can develop, leading to field amplification, turbulence and enhanced transport, under the
conditions of a SN core.

The study of MRI-unstable systems relies on global (or large-scale) as well as local simulations.
Global simulations model the entire system (e.g., an accreting BH and the surrouding disc). They
can address questions such as the influence of the overall disc geometry and the interaction with
the surrounding medium. On the other hand, limited computational resources restrict the reso-
lution of global simulations. Thus, they may not be able to accurately follow the evolution of
the instability on small spatial scales. Local simulations, in contrast, focus on a small part of the
system. Assuming generic conditions and replacing the surrounding matter by BCs, they allow
one to use much finer grids and, thus, to explore the onset of the instability and the transition to
turbulence in great detail.

A particularly useful tool of the local analytic and numerical analysis of shear instabilities in
discs and stars is the shearing sheet technique. This technique applies a transformation to a frame
of reference co-rotating with a representative region of the disc or star. We cover the region by
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a Cartesian grid. Due to the co-rotation, the gravitational and the centrifugal forces cancel. The
Coriolis force is retained but further effects of the rotation are ignored. This method is limited
to systems without global gradients of, e.g., density or entropy. Thus, we use a modification
accounting for such gradients, viz. the shearing disc technique (Klahr & Bodenheimer 2003),
which will be explained later.

Linear theory Investigations of the stability of a (weakly) magnetised differentially rotating
fluid by Velikhov (1959); Chandrasekhar (1960) and later by Balbus & Hawley (1991); Hawley &
Balbus (1991, 1992); Balbus & Hawley (1992a,b) revealed the existence of the MRI as a powerful
local linear! shear instability. Further insights into the stability properties of such a system were
gained by Acheson (1978); Balbus (1995, 2001), extending the analysis also to situations involv-
ing density or entropy stratifications. The analysis carried out by these authors is fairly general.
It covers both the parameter regimes most applicable to accretion discs (supported by Keplerian
rotation, little influence of pressure stratification) and to stars (predominantly supported by pres-
sure, entropy gradients important). For a comprehensive review of the MRI, we refer the reader to
Balbus & Hawley (1998).

Since the instability is a local one, its linear evolution is typically studied by means of WKB
analysis. This technique consists of determining the dispersion relation of wave-like perturbations
of the form B

AekX-or) (5.3)

to the linearised equations, where A is the amplitude of the perturbations. From the dispersion
relation, one can then read off the conditions for exponential growth of the perturbations and the
growth rates as a function of wave number.

Non-magnetic instabilities Without magnetic fields and ignoring the effects of stratification,
the linear stability is determined by the Rayleigh criterion (e.g., Tassoul 1978), demanding that,
for stability, the specific angular momentum of the flow, j = @>Q, has to increase with distance
from the rotational axis @,

dwj > 0 = stability. 5.4)

In the absence of, e.g., magnetic, forces able to redistribute angular momentum, a fluid element
will retain its specific angular momentum jj as a perturbation drives it away from its original orbit
W) to a new radius @; > @p. In a flow not satisfying (5.4), the fluid element will experience an
additional uplift due to its excess angular momentum w.r.t. the value j; < jo of its new surround-
ings. This leads to an exponential run-away from the initial orbit, thus triggering an instability.
In the opposite case, the restoring force will enable the fluid element to perform stable epicyclic
oscillations with the epicyclic frequency k, k> = %8, [(rZQ)z] , around its orbit.

On the other hand, the stability of a non-rotating, non-magnetised stratification is determined
by the Schwarzschild criterion (e.g., Tassoul 1978)
ds > 0 = stability, (5.5)

for the entropy s. If the stratification is unstable according to (5.5), the ensuing buoyancy instability
(the analogous instability for incompressible fluids is the Rayleigh-Taylor instability) will quickly
lead to convection. Please note that in the presence of composition gradients, the criterion has

lie., an instability of the linearised MHD system
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to be modified; we will not consider this issue here, though important in global SN simulations,
because of the simplified microphysics we employ in this study.

Considering a more general system involving both differential rotation and stratification, we can
combine both criteria in the Solberg-Hpiland criterion (e.g., Tassoul 1978), which for an EOS of
the form P o p! reads

N*+ 15052 >0 s
r tabilit .
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where we introduced the Brunt-Viiisdld or buoyancy frequency,
12 = _
N? =Nz +N? = —§VP-V1n(Pp 0. (5.7a)

The Brunt-Viisild frequency can be written in terms of the component-wise partial frequencies:

1
N? = —58,-P-8,-1n(Pp’r), ic{m,z}. (5.7b)
In a convectively stable system, perturbed fluid elements will undergo stable oscillations at the
Brunt-Viisili frequency N2 > 0, whereas in an unstable system, N is negative.

If any of these HD instabilities is encountered, the evolution will tend towards a marginally stable
state. The convection in a Schwarzschild-unstable system and the Rayleigh instability, e.g., will
lead to a distribution of constant entropy and constant specific angular momentum, respectively.

MHD instability criteria An important concept in understanding the fundamental difference
between magnetic and non-magnetic instabilities is the free energy of the rotating (or stratified)
system (Balbus & Hawley 1998). This is the difference between the total energy of the (equilib-
rium) system and the minimum energy of all configurations with the same values of conserved
quantities such as mass and angular momentum. If the free energy is positive, and the system has
a path to relax to the configuration of least total energy, it will generally do so, and in many cases,
the relaxation will be mediated by an instability feeding off the free energy reservoir.

The relaxed state consistent with a rotating disc is a concentration of all of the mass at the
accretor and a dispersion of all of the angular momentum to infinity. The free energy reservoir
is the gradient in angular velocity. Thus, even if a differentially rotating configuration is stable
according to the Rayleigh criterion, (5.4), it will not have the minimum energy of all attainable
configurations. The reason why it is nevertheless stable is that purely ideal hydrodynamical forces
cannot tap the rotational free energy because they do not provide any means of redistributing
angular momentum, which would be necessary for reaching the ground state. Instead, these forces
only drive the system towards the minimum energy of a more restricted set of possible states,
viz. all configurations with the same mass, total angular momentum and conserved specific angular
momentum of all fluid elements.

Similarly, the relaxed state of a thermally stratified fluid is a medium of constant temperature,
and the free energy source is the temperature gradient. This state is not in general attainable under
the conditions of ideal hydrodynamics due to the lack of entropy redistribution mechanisms. Thus,
the system will not evolve to the ground state, but rather to the marginally Schwarzschild-stable
state.
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We want to point out that neither viscous forces nor thermal conduction change this situation
qualitatively as they act isotropically. They do not provide any spatial coupling, which, as we shall
see, is required for allowing the fluid to overcome the limitations enforced by the conservation of
specific angular momentum or temperature of the perturbed fluid element. Instead, by providing
an exchange of angular momentum or entropy with the surroundings at the perturbed location,
they tend to damp the instability.

By virtue of the Maxwell stresses, a magnetised fluid has additional paths of tapping free energy
that are not available to a non-magnetised fluid. Hence, the presence of magnetic fields, however
weak, brings about important modifications of the above criteria, e.g., differentially rotating Kep-
lerian discs may suffer a rotational instability in the presence of a magnetic field while being stable
if non-magnetised. In the following paragraphs, we will explain these modifications. We note that
the modifications of the thermal (Schwarzschild) instability criterium are mainly relevant when
thermal conduction plays an important role in a dilute plasma. Since we are not primarily inter-
ested in such a situation, we will focus mainly on rotational instabilities, and only briefly touch
the convective ones.

If a fluid element in a differentially rotating magnetised system is perturbed, e.g., uplifted to
a radius @), it will remain connected to the neighbouring elements in its original orbit (radius
W) < ®1) by magnetic field lines. The magnetic stresses will enable angular-momentum transport
along these field lines and enforce co-rotation between the fluid element and its original orbit
rotating at an angular velocity Q. Hence, the uplifted fluid element will retain its angular velocity
rather than its angular momentum. As a result, the fluid element will experience an additional
uplift, if its angular velocity g is larger than the one required for an equilibrium at the new
location, €. Since this is the angular velocity of the background equilibrium flow, the magneto-
rotational (Balbus-Hawley) instability condition is

dzQ > 0 = stability. (5.8)

If a magnetic field is “switched on” in a Rayleigh-stable but Balbus-Hawley-unstable flow, the
stable epicyclic oscillations will be destroyed by the field. An unstable perturbation will grow
exponentially; in particular, the magnetic field will be amplified, leading to an exponentially in-
creasing transport of angular momentum. In a disc, this does not necessarily lead to a state of
uniform rotation. Instead, it enables efficient accretion, concentrating the mass in the centre while
transporting the angular momentum to infinity.

A particularly interesting property of (5.8) is that it does not depend on the magnetic field.
However weak, any field will destabilise a differentially rotating system violating (5.8). There is
no possibility to recover the hydrodynamic Rayleigh criterion from the magnetic one by taking the
limit b — 0.

To derive the modifications of the thermal instability due to MHD effects, Balbus (2001) assumed

a Coulomb thermal conductivity, which is entirely suppressed across field lines. Using similar

arguments he showed that, in this case, it is not the entropy gradients, but the temperature gradients

that determine the stability of a stratified fluid. The Schwarzschild criterion must be modified
yielding

d,T > 0 = stability. (5.9

The physical agent behind this modification is the channelling of the thermal conduction along the
field lines connecting a perturbed fluid element to its original surroundings. The applicability to
the dense gases we are interested in is quite limited. Thus, we will not consider this aspect any
longer, but rather apply the standard criteria for thermal instability.
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Rotational and thermal instability are only special cases of the same MHD instability rather than
two independent instabilities. Balbus (1995, 2001); Menou et al. (2004) derived the general dis-
persion relations treating the cases on a common ground. Balbus (1995) included a thermal strati-
fication into the original magneto-rotational instability, but still restricted his analysis to adiabatic
processes, in which the entropy of a displaced fluid element is conserved. This restriction was
lifted by Balbus (2001), who included thermal conductivity as described above. Finally, Menou
et al. (2004) added viscosity and resistivity to the analysis, arriving at a fairly complex dispersion
relation. Because we are not primarily interested in diffusive processes, we will limit our scope
to the Balbus (1995) results. The corresponding instability criterion replacing the non-magnetic
Solberg-Hgiland criteria, (67), is given by

N* + =505 Q? >0

{(—azp) (96920,In(Pp 1) — 8,0%3p In(Pp 1)) > o} = stability, — (5.10)

i.e., exactly the same expressions, but with the specific angular momentum replaced by the ro-
tational velocity. In the limit of a constant-entropy fluid, (5.10) is the classical Balbus-Hawley
criterion. A convectively stable entropy gradient may, however, stabilise the MRI, whereas in a
convectively unstable stratification, a combined magneto-rotational and magneto-convective in-
stability will occur.

MHD instability growth rates We will now discuss perturbations of the form of Eqn. (5.3) to
an equilibrium initial state. From the analysis of the linear dispersion relation, we can determine
the growth rates as a function of wavenumber. A common dispersion relation for both limits, the
magneto-rotational one and the magneto-convective one, can be given (Balbus 1995; Balbus &
Hawley 1998):

k* 1 1 S L \2
2 _ K o -T 402 2(7 =
W’ =0+ 0 (mgPQIn(Pp )+ 5 2(RQ )) 40 (k-cA> , (5.11a)
where @ and k =27 /A are the complex frequency and the wave number of a mode of wave length
A, respectively. In Eqn. (5.11a), we used the following function of the mode frequency and the
wave number

. 2
@ = 0® — (k-EA) , (5.11b)
and the & operator
ke
9 =—0,—dg. (5.11¢)
k;

We will discuss some important properties of the dispersion relation in the following.

1. An important observation is that in (5.11a) the wave number k only appears multiplied with
the Alfvén speed ca. Thus, typical length scales of the instability will depend linearly on
the field strength. The product kc has the dimension of a frequency; it is the inverse Alfvén
crossing time across one wave length of the mode.

2. We can derive the instability criterion, Eqn. (5.10), from the dispersion relation by searching
for solutions of (5.11a) under the condition of marginal stability, @ = 0. If there is no such
solution, then the system will be completely stable; otherwise, we will be able to identify
regions of kc in which perturbations grow exponentially.
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3. The instability criterion does not involve the magnetic field, and there is not continuous
transition from the MHD to the HD criteria as |b| — 0. Thus, any magnetic field, no matter
how weak, will require us to use the MHD rather than the HD stability criterion.

4. In an unstable system, not all wave numbers will be affected by the instability; instead, only
long modes with

L N2 /e N2 , 0Q?

(k'CA> > (k'CA>crit_N _8lna7 (5-12)
will grow exponentially. In the last equality, we assumed that the perturbation is oriented in
z direction, kg = 0. If the Alfvén crossing time for a given mode is smaller than a timescale
set by the angular-velocity or entropy gradients of the system than the field can react quickly
enough to the perturbations to resists being bent. Thus, short wave lengths are stabilised by
magnetic tension. This is in contrast to the non-magnetic analogue of the dispersion relation
(Goldreich & Schubert 1967) which does not depend on the modulus of the wave vector but
only on its direction. In this case, instability prevails even for the shortest modes.

5. For the two limiting cases of instability solely due to angular-velocity gradients (magneto-
rotational modes) and entropy gradients (mmagneto-convective modes), the dispersion rela-
tion is quite different:

(a) In the magneto-rotational limit, the growth rate approaches zero for very long modes,
i.e., limy_,,, @ = 0, and assumes a rather sharp maximum at

1 x* )\ 9o
2 I A
(ke Jmax = (4 + 16Q2> dlnm (5.132)

Wave lengths larger than then the one given by (5.13a) are unstable, but their growth
rate is rather small. The maximum growth rate is

! ‘ 0 ‘ (5.13b)

O =5 S nw
As a consequence, the wavelength of maximum growth, A, is proportional to the
square root of the magnetic field strength, A.x o< B. This growth rate is independent
on the field strength; only the wave number for which it is assumed is a function of
B. For small magnetic fields, the wave number of maximum growth corresponds to
quite small spatial scales. Attempting to simulate the growth of such a mode, we have
to resolve it by a few (~ 5) grid points. This puts a very severe restriction on global
simulations because they require to cover a large range of length scales from the ones
of the global system down to the fastest growing modes. As a consequence, we study
the MRI using local simulations that focus on the small scales and disregard the large
scales.

(b) In the magneto-convective limit, the growth rate remains finite even in the limit k — O.
Thus, large-scale simulations do not have any problems in resolving the instability.

6. Why is there no continuous transition from the MRI criterion to the non-magnetic Rayleigh
criterion, if the field is negligible w.r.t. the angular velocity or the pressure?

(a) From the scaling of spatial scales with the magnetic field, this can be understood in
the following way: the maximum growth rate does not depend on the field strength;
instead, for weaker fields, fast growth occurs for smaller length scales (Apax o< B)
because the weaker field can only provide an efficient connection of a perturbed fluid
element to its original location over smaller scales. Nevertheless, this connection is
present and able to mediate the instability.
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(b) Thus, in the limit of vanishing field, B — 0, all wavelengths are unstable and the fastest
growth occurs at the same rate as for a finite field strength. This is true for ideal MHD.
Viscosity and resistivity, however, stabilise the MRI in this limit (Balbus & Hawley
1998).

(c) As noted by Balbus & Hawley (1998), if we neglect viscosity and resistivity, the MRI
is an instability of the Alfvén wave. The Alfvén wave is a pure MHD wave with no
HD equivalent. As it is not compressional, the gas pressure does not play any role
in Alfvén waves. Therefore, the exact ratio of the magnetic to the thermal pressure
is of no importance to the evolution of an Alfvén wave, or its unstable version, an
MRI mode. Hence, there is no weak-field limit of the MRI criterion that continuously
approaches the Rayleigh criterion.

In Fig. 5.24, we summarise the behaviour of modes of different wavelength as a function of
the magnetic field strength for a given Keplerian rotational profile. All modes with a wavelength
longer than the one corresponding to (kca ),,;, are unstable (coloured region). The fastest growth
occurs at the wavelength corresponding to (kca),,,, (marked by the black line). The maximum
growth rate is independent of the field strength. The growth rate at a given A, on the contrary,
depends on the field strength. For very weak fields, only short wavelengths grow at a large rate.
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Figure 5.24: The region of instability of the MRI for a Keplerian rotational profile. We assume a
density of 1 and a radius of @ = 1. The magnetic field strength B and the wavelength A are given
in units of the equipartition field with rotation and the radius, respectively. For given magnetic
field strength B, all modes with a wavelength A in the coloured region are unstable. The growth
rate of the instability is colour-coded, with black and white colours corresponding to slow and fast
growth, respectively. The region below the white diagonal line is stable. The line of maximum
growth is indicated by a black line.



5.2 MAGNETO-ROTATIONAL INSTABILITY 137

Non-linear evolution As the perturbation amplitudes become large compared to the background,
the exponential growth of the instability passes into the non-linear saturation phase. This stage is
characterised by turbulent velocity and magnetic fields giving rise to enhanced transport of angular
momentum. Unlike the linear phase, the saturation phase cannot be treated reliably using analytic
methods; instead, numerical simulations have to used. The main focus of such studies lies on the
saturation field strengths and velocities, the resulting turbulent stresses, and their dependence on
the conditions of the background flow.

Notable differences exist between two- and three-dimensional systems, and a dependence on
the initial field geometry can be established. In 2d simulations, Hawley & Balbus (1991) observed
the emergence of channel flows, a pattern of alternating inflows and outflows from the instability
of a uniform field, b = (0,0,b,)T. This particular flow field, typical for the linear phase, does not
evolve into a state of turbulence; instead, the channel flows persist into the saturation state. They
are accompanied by a strong growth of the field. If the initial field is not uniform in z direction
but has a vanishing z flux (e.g., a sinusoidal profile b,(@)), then turbulence will set in and the
field, after an intermediate phase of growth, will decay. Cowling’s anti-dynamo theorem lies at the
heart of the difference between these two cases. The theorem forbids any axisymmetric dynamo
in an isolated system, thereby precluding sustained field growth in the second case. A uniform
background field, on the other hand, connects the system with its surroundings and thus breaks the
isolation of the system.

Goodman & Xu (1994) proved that the axisymmetric channel-flow MRI modes are exact so-
lutions of the non-linear local (i.e., shearing sheet) incompressible MHD equations explaining
the presence of the channel flows even in the non-linear regime of the instability. They showed,
however, that the channel flows represent an unstable solution subject to secondary “parasitic” in-
stabilities such as the KHs instability which cause the flow to quickly becomes into turbulent. This
is observed in three-dimensional simulations (e.g., Hawley et al. 1995, 1996; Stone et al. 1996;
Brandenburg et al. 1995), which enter a turbulent stage after the linear growth phase. The evolu-
tion of the channel solutions was later investigated in detail using numerical simulations by Sano
& Inutsuka (2001); Sano (2007). These authors found that, though unstable in three-dimensional
simulations, coherent channel flows can recurrently develop from the turbulent state of a three-
dimensional model. In such cases, they lead to a transient enhancement of the field strength and
the angular-momentum transport before they again decay due to magnetic reconnection.

The turbulent saturation phase is characterised by enhanced angular-momentum transport coef-
ficients resulting from the Reynolds stress v;v; as well as the Maxwell stress b;b;. Local simula-
tions showed that the Reynolds stress transporting angular momentum inwards is compensated for
by the outward transport due to the Maxwell stress by a factor of ~ 4 enabling efficient accretion.
These results were confirmed by various local simulations (e.g., Sano et al. 2004) of accretion
discs. Based on the simulations by Sano et al. (2004), Pessah et al. (2007) established scaling laws
for the dependence of the Maxwell stress on physical (gas pressure and scale height) as well as
numerical (grid resolution and domain size) parameters of the system.

Applications and open questions: accretions discs vs. stars The most important application
of the MRI thus is the explanation of the enhanced angular-momentum transport in accretion discs.
Though in special cases, there might be alternative explanations, the MRI is assumed to be the most
universal mechanism responsible for creating the turbulent stresses in accretion discs.

Since differential rotation and magnetic fields are present in many stars as well, the MRI might
play a role there, too. On the other hand, stellar structure and evolution is much less dominated
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by rotation than discs are. Additionally, large entropy gradients in stars may provide either stabil-
isation or destabilisation which is not the case for a Keplerian disc. Thus, the results obtained for
discs are not necessarily applicable to stars.

Estimates of the saturation amplitude of the magnetic field for the MRI in supernova cores were
given by Akiyama et al. (2003). They assume that the field is amplified up to a significant per-
centage of the equipartition field, for which the magnetic energy density would be the same as the
rotational energy density. This hypothesis, though appealing, still lacks confirmation by detailed
numerical simulation. Our goal, thus, is to investigate the MRI in the system of a post-collapse
stellar core. We seek to address the following questions:

1. Given typical conditions in such a core, does the MRI grow on timescales reasonably short
w.r.t. the evolution of the core, i.e., a few 10 ms?

2. What are the saturation fields? In particular: do we observe dynamo action?

3. Do we find enhanced transport of angular momentum? Does the transport occur on timescales
relevant to the dynamics?

5.2.2 Initial and boundary conditions

General setup We perform local simulations in 2d or 3d using a given rotational profile, and
varying the entropy gradient, the initial field strength and geometry, and the grid size and resolu-
tion. We use the full MHD equations instead of the shearing sheet technique, because the shearing
sheet equations do not allow for global radial gradients other than differential rotation. Our sim-
ulations start from an approximate equilibrium state similar to a post-collapse stellar core and
follow the evolution into the non-linear phase. We assume a simplified hybrid EOS and neglect
neutrino physics.

Initial conditions We construct the initial state of our simulations as equilibrium models with
a given gravitational potential ¢ (@) taken from post-bounce states of our models for magneto-
rotational collapse (Obergaulinger et al. 2006b) (the “background model”). We selected model
A1B3G3 for the construction. The corresponding pre-collapse model is a rigid rotator with a ro-
tational energy of 0.9% of the gravitational energy. The post-collapse rotational period of this
models is ~ 2. ms. Since we only simulate a small patch of the core (the grid size is a few kilome-
tres in each direction), we hold the gravitational potential ¢ constant during the simulation.

Our computational grid is centred at @, = 15.5km in the equatorial plane of the model and
extends over A®@ € {1km,2km}. The vertical and azimuthal extents of the grid are Az = A®@ and
O.A¢ € {1km,2km,4km}. To compute the initial model, we map the gravitational potential at the
equator of the basic model to our grid, disregarding any dependence on z. We specify the rotational
profile and the maximum density Ppax ~ 2...3 x 10'3 gcm™3. We then compute the density profile
from the equilibrium condition

—pgp @ = pQ>®W — I P, (5.14a)

assuming that the pressure depends upon the density according to the hybrid EOS (see sect. 2.1.2)
and that the entropy profile s(@) is characterised by a constant part sy and a radial derivative dgs.
The rotational profile is given by

Q=Qy(@/wy)*. (5.14b)

In both profiles, we set @y = 15km. We set the angular velocity to 1900s~! at 15.0km, and the
exponent of the Q profile to —1.25. The rotational of our initial model is similar, but somewhat
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slower, than in model A1B3G3 at a radius of 15km. The resulting density profile has a mean
value of ~ 2.5 x 103 gcm™ and a scale height Hp ~ 3.8km. We show the resulting profiles
for a typical equilibrium background model in Fig. 5.25. This model lives in a radial domain of
@ € [14.5km, 16.5km] and has vanishing entropy.
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Figure 5.25: Radial profiles of one of our MRI background models. The panels show (left to right,
top to bottom) the gravitational potential, the density, the gas pressure, and the angular velocity as
a function of radius, respectively.

We add a magnetic field of on of the following simple geometries:

1. auniform field in z direction,
2. afield in z direction with vanishing flux,
3. a uniform toroidal field.

To trigger the instability, we add @ and z velocity components varying randomly or sinusoidally
with an amplitude of ~ 2.5% of the ¢ component. Except for this perturbation, our initial data do
not depend on the z coordinate. In the equatorial plane, this is a valid approximation.

Boundary conditions The BC, in particular the radial ones, deserve special mention. We apply
periodic BC in ¢ and z directions; for testing the influence of these boundaries, we performed also
test runs with reflecting z boundaries, but we did not find a major influence of these settings on the
solution.

We treated the radial boundaries using the shearing disc method (Klahr & Bodenheimer 2003), a
variant of the shearing sheet method (Hawley et al. 1995). shearing sheet boundaries are essentially
periodic BC that take into account the shearing of the inner and outer surface of the grid due to
differential rotation. Instead of copying an inner zone along its radial ray to the outer grid ghost
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zones, we transport the zone to a location in the outer ghost zones that is shifted in the azimuthal
direction by a certain offset d¢. The offset is given by the difference of the unperturbed inner and
outer angular velocities (€2; and €,) and the time 7,

59 = (Qo—Q)r; (5.15)

which is zero at the start of the simulation and grows in time, consistently with the differential
rotation.

The shearing disc boundaries additionally account for global gradients of the MHD variables
which violate the periodicity of the shearing sheet. Please note that a global angular-velocity gra-
dient is consistent with the shearing sheet simulations. It does not demand a treatment according
to shearing disc boundaries, because the gradient of the angular velocity does not appear in the co-
rotating shearing sheet equations. However, because we do not use the shearing sheet equations,
we have to include the Q-gradient in our simulations explicitely; thus, we must apply shearing
disc boundaries even when there are gradients in p, s, or other variables. We have to perform two
subsequent steps to apply the boundary conditions:

1. First, we apply the standard shearing sheet boundaries to obtain preliminary values of the
MHD variables in the ghost zones.
2. We then apply scaling laws to these variables, e.g.,

Ui = U0 (5.16)

where r,/ and i are the indices of the right and left grid boundary and a cell index, respec-
tively, and " is a scaling parameter. We obtain this parameter from the scaling law of the
unperturbed background state u. As an example, for the angular velocity of a Keplerian disc
Qo @ 3/?), o= (wr+,-/651+,')*3/2. The only exception from this law is the radial veloc-
ity, v, where we do not take the scaling law from the unperturbed state, yielding '@ =1,
but rather impose the constraint of mass conservation: the mass fluxes pvg at the inner and
at the outer boundary must be equal. Thus, we have to scale the velocity by the ratio of the
surfaces of the outermost and innermost grid cells, respectively.

We observe that the pseudo-periodic BC can lead to resonant oscillations in radial direction. To
suppress these oscillations, we follow the method of Klahr & Bodenheimer (2003) who damp the
radial velocity in the innermost and outermost n zones of the grid by a small factor f in each
time step, vg — vg(1 — f). Taking n =2 and f = 0.0125, we do not see any indications of such
oscillations.

Finally, we want to note an important difference between shearing sheet and shearing disc sim-
ulations: performed in a co-rotating Cartesian box without any global radial gradients (the dif-
ferential rotation is represented by the BC and cannot be altered significantly), a shearing sheet
simulation is essentially local, whereas a shearing disc simulation, retaining all global gradients,
may allow for a modification of these gradients. In particular, angular-momentum is conserved
only approximately, and, thus, the differential rotation profile can be distorted by the angular-
momentum transport due to MRI. In case of very vigorous transport, such modifications can lead
to significant differences between shearing sheet and shearing disc simulations as the MRI can re-
act back onto the rotational profile more efficiently in shearing disc simulations. Thus, we may
classify shearing disc simulations as semi-global.
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5.2.3 Results

In this section, we will summarise the most important results from our simulations. We will
focus on the field amplification and the Maxwell stresses. In all cases, we observe these quantities
to be rather variable in time and space. Thus, we will present averages of these quantities over
the entire computational domain and over several rotational periods. One of the main objectives
will be to obtain the scaling behaviour of the Maxwell stress with the hydrodynamic profile of the
model.

Two-dimensional simulations

Overview of models As a first step, we simulated axisymmetric versions of several models.
Comparing in particular the linear phase of these models with results from previous studies, we
could confirm that our code is able to follow the growth of the MRI in an unstable system and that
the MRI indeed can develop in supernova cores.

The 2d models are summarised in Tab. 5.3 (uniform initial field) and Tab. 5.4 (zero-flux initial
field). Since the instability of a toroidal field is generically non-axisymmetric, we only simulate
models with either uniform or zero-net-flux b, field in 2d. In all models, we used a radial domain
of @ € [15km, 16km]

model name | Qg oo 50 Ogs by
& 102G

U2-1 1900 —-1.25 O 0 2
U2-2 1900 —-1.25 O 0 4
U2-3 1900 —-1.25 O 0 6.4
U2-4 1900 —-125 O 0 10
U2-5 1900 —-1.25 O 0 20
U2-6 1900 —-125 O 0 40
Uu2-7 1900 —-1.25 0.2 0.02 10
U2-8 1900 —-1.25 0.2 0.04 10
U2-9 1900 —-1.25 0.2 0.08 10
U2-10 1900 —-1.25 0.2 -0.1 10°8
U2-11 1900 —-1.25 0.2 -0.02 10
U2-12 1900 —-1.25 0.2 -0.1 10

Table 5.3: A list of the two-dimensional MRI models with uniform b, field. The 1% column gives
the name of the model, the 2"¢ and 3" columns specify the rotational profile, the 4™ gives the
entropy profile, and the 5™ column gives the initial magnetic field, respectively.

Before discussing the results, we introduce the MRI wavelength

_1 —1
27ea b p 2 Q
Avirt = ~ 6.6k 5.17
MRE= 76 m<1015G> <2.5x1013gcm3) <1900s1> ’ 17

representing the basic scaling length of MRI theory. In Eqn. (77), we expressed Aygy in terms of
typical values of our models. Given by the distance an Alfvén wave travels within one rotational
period, Amrr sets (apart from &'(1) numerical factors) the scale below which perturbations are
stabilised by magnetic tension, and determines the fastest growing modes. This has two important
consequences:
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model name | Qg ao entropy profile bo
] 102g]
72-1 1900 —1.25 vanishing 2
72-2 1900 —1.25 vanishing 4
72-3 1900 —1.25 vanishing 10
72-4 1900 —1.25 vanishing 20
72-5 1900 —1.25 vanishing 40

Table 5.4: A list of the two-dimensional MRI models with zero-flux b, field. The 1% column gives
the name of the model, the 2" and 3" columns specify the rotational profile, the 4™ gives the
entropy profile, and the 5™ column gives the initial magnetic field, respectively.

1. Given typical values of the 2d models, we expect a stabilisation for fields of the order of a
few 10'*G. This value should set an upper bound to the saturation field strength.

2. We need to resolve an unstable wave length by a few grid cells. Since our grid width is
10...20m, we expect fast growth only for fields of the order 10! G and stronger. For weaker
initial fields, the growth rates should be reduced strongly because of the smaller MRI wave
length.

Exponential growth, channel solutions and turbulence We, indeed, observe the exponential
growth of the MRI in our models. The dependence of the growth rate on the initial field for the
uniform-field models U2-1 through U2-6 and a grid spacing of 10 m is depicted in Fig. 5.26. We
estimate the grow rate from the growth of the Maxwell stress components Mg and Mgy near the
onset of exponential growth. We notice that the growth rate approaches a value of ~ 800s~! when
the field exceeds ~ 6 x 102G (Amr1 &~ 40m), and when the most unstable wave length is covered
by a few grid cells.

The saturation phase starts when the field perturbation becomes comparable to the background
field. Initially, the field is purely vertical; the @ component is created solely by the instability and
hence is a measure of the strength of the perturbation. Therefore, the begin of the saturation phase
can be approximately defined when the energy in bg becomes as large as the energy in b,. At this
epoch, the growth rate of the instability reduces (see Fig. 5.27), and the growth of the field energy
becomes also noticeable in the energy contained in the b, component.

The growth of the instability eventually saturates. We find, depending on the initial field ge-
ometry, the two main ways to saturation identified in previous investigations, albeit with slight
modifications owing to our setup: channel flows and break-down into turbulence.

Channel flows The magnetic field provides a means for redistributing angular momentum
along field lines connecting different fluid elements. Those fluid elements which loose rotational
support by this process will sink down whereas the ones gaining angular momentum will start to
rise. Thus, the typical pattern of alternating up- and down-flows comprising a channel flow can be
identified in the linear growth phase of models with a non-vanishing b, flux. As expected from the
Goodman & Xu (1994) analysis, these coherent flows are rather stable and persist in the saturation
phase. Their vertical wave length and hence their number is defined by b; and the associated length
scale A* = MTC;*. Here, ¢§ = /b?/p is the Alfvén velocity corresponding to the b, component. As
the field strength and hence A% grows, we observe that the channels merge, only a small number
of them surviving.
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Figure 5.26: The MRI growth rate of models U2-1 through U2-6 as a function of initial field
strength. We simulated the models using a grid spacing of 10 m.

We observe this evolution in models of series U2, if the initial field is sufficiently strong for
the MRI wavelength to be resolved (see Fig. 5.28 for model U2-6). In these cases, the exponential
growth of the instability persists into the saturation phase, although typically with reduced growth
rates after the mean field strength of the bz component has reached that of the b, component.
At t = 5ms, the growth accelerates again, and after a few ms, the mean Maxwell stress exceeds
10 ergecm 3. Then, the stresses rapidly decrease. Significant amount of angular momentum has
been lost from the system during the last growth phase, and this loss persists even further in time.

Initially, the flow pattern consists of a number of densely packed channels of radial motion and
field (Fig. 5.29, top right panel). As the field strength and, consequently the MRI wave length
setting the vertical extent of the channels grow, the channels merge into less but more extended
flows (see Fig. 5.30).

After the final growth phase, we find a large-scale flow consisting of one up-flow and one
down-draft (Fig. 5.31). Thus, we recover the two-channel solution of Goodman & Xu (1994).
The magnetic stresses, having a notable influence on the rotational profile already during the early
evolution (note the perturbations in Q at r = 2.4ms (Fig. 5.29), completely change Q(@,z) by
enforcing co-rotation along field lines. The poloidal magnetic field in the channels is mostly
radial, and hence since the field enforces the gas to co-rotate on field lines, the rotational profile
is changed completely. Instead of a predominantly radial Q gradient, the angular velocity does
depend on z mainly. This disruption is facilitated by the fact that, in our models, the shearing
disc boundaries allow for more pronounced accretion and angular-momentum transport than in
shearing sheet simulations.

In these late stages, the field has grown to a maximum strength of up to a few 10'°> G. Despite
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Figure 5.27: The first twenty milliseconds in the evolution of model U2-4. The solid black line
displays the mean magnetic energy of the model, (e™€) = % [dVb?/2. The dashed blue, green,
and brown lines show the mean energy of the @, ¢, and z components of the magnetic field,
respectively. The dashed red line corresponds to the absolute value of the mean Maxwell stress
component Mg 4.
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the strong and highly ordered fields, the Maxwell stress has a chaotic temporal evolution and a
relatively small net value. Hence, no further net angular-momentum transport occurs, as the fields
acquire a certain degree of symmetry where positive and negative Mgy nearly balance each other.
As a consequence, the total Maxwell stress Mgy decreases and oscillates around zero (cf. the red
line in the last few milliseconds in Fig. 5.28). Most of the energy in differential rotation has been
converted to magnetic energy. Nevertheless, typical values of the ratio of magnetic pressure to gas
pressure, 8, are much less than unity, at most reaching a few percent.
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Figure 5.28: Same as Fig. 5.27, but showing the first 25 milliseconds of model U2-6. At late stages
(t 2, 22ms, (Mg ) oscillates about zero. Since we plot the logarithm of | (Mg ) |, changes of the
sign of <Ma;¢> correspond to minima of the red curve.

Turbulence The instability can saturate at a lower level without destroying the rotational pro-
file. This happens if the channel flows are dissolved before reaching the stable state described
above. Instead, a state of freely decaying turbulence develops. In model series U2, we observe
this phenomenon mainly for weak initial fields for which the instability is under-resolved. To
examine such a case, we compare simulations of model U2-3 on grids of 10m and 20m resolu-
tion. Large-scale channel flows develop in the better resolved model, but not in the one using the
coarser grid. Using somewhat stronger or weaker initial fields (b, ~ 1 x 10'3G and 4 x 102G,
respectively), we do not observe such a dependence on the resolution: either both resolutions or
none at all yield the two-channel solution.

In model series Z2 which — even for the strongest fields — do not develop stable channel flows,
turbulence is the dominant evolutionary path. See Fig. 5.32 for the temporal evolution of model
Z72-3.

In these cases, we observe the development of a multitude of flat channel-like flows in the linear
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Figure 5.29: Snapshot of model U2-6 at t = 2.4ms. The abscissa and ordinate correspond to the
@ and 7 axes, respectively, and the coordinates are given in units of kilometres. The top left panel
shows the @ component of the magnetic field together with magnetic field lines. The top right
panel shows the angular velocity. The bottom left panel shows the modulus of the magnetic field
strength together with field vectors, and the bottom right panel shows the @ component of the
velocity and the flow field. The vectors are scaled such that an arrow of length 0.1km corresponds
to the maximum field strength / velocity in the domain. A subscript n to the name of a variable
indicates a scaling of the variable by a factor 10".
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Figure 5.30: Same as Fig. 5.29, butat f = 11.7ms.
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Figure 5.31: Same as Fig. 5.29, but at t = 19.4ms.
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phase (Fig. 5.33). The height of the channels is approximately given by the MRI wavelength. In
the models of series Z2, separate channels develop in the two regions of positive and negative b;,
whereas in uniform-field models, they may span the whole radial range of the box. These flows
do not merge to form a few large-scale channels, but, rather, they are prone to instability leading
to a complex turbulent flow pattern (Fig. 5.34). On timescales much longer than the time we
simulated, the turbulent velocity and magnetic fields will be damped by numerical viscosity. This
is a consequence of the anti-dynamo theorems forbidding the existence of axisymmetric isolated
dynamos (in the case described above, the large-scale z field connecting the box to infinity breaks
the isolation).
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Figure 5.32: Same as Fig. 5.27, but showing the entire time evolution of model Z2-3.

Angular-momentum transport Whereas the appearance of channel flows affects the evolution
of the flow drastically, the stresses that result in the turbulent non-channel runs are rather modest.
To make an order-of-magnitude estimate of their effects on the rotational profile of the flow, we
compute the timescale of angular-momentum transport by the Maxwell stress from the ¢ compo-
nent of the momentum equation,

1 1
(7)) ' =~ 9J = - deBMgy. (5.18a)
J J
Inserting typical values of our models, we get

740 R AR Q p Mg -
i~ 7405 :
/ 15.5km / \ 1km /) \ 1900s~! / \ 2.5 x 1083 gcm=—3 / \ 10%ergcm—3

(5.18b)
Here, R and AR are the radial position of our box, and a typical length scale on which Mgy varies,
respectively. Thus, for the redistribution of angular momentum to be efficient on the timescales of
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Figure 5.33: Same as Fig. 5.29, but for model Z2-3 at t = 3.54 ms.
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Figure 5.34: Same as Fig. 5.29, but for model Z2-3 at t = 70.5ms. For clarity, we omitted the
tangled magnetic field in the top left panel.



152 APPLICATIONS

the post-collapse evolution of a supernova, i.e., a few 100 ms, the Maxwell stress has to be of the
order of ~ 10% ergem™3. This corresponds to a field strength of ~ 10'4G.

The stress value obtained from the above estimate appears to be in agreement with our simula-
tions. Only uniform-field models achieve such high stresses when they develop channel flows. In
this case, further amplification up to more than 10°°ergcm™ allows for a complete alteration of
the rotation within a few milliseconds.

Although field strengths in excess of 10'*G are quite common also in the other models, they
do not give rise to such large stresses because of their lack of coherence. They, instead, show
significant deviations from the initial rotational profile in localised regions within few tens of
milliseconds as the mean Maxwell stress reaches the order of 10%” ergcm . Because the spatial
structure of the magnetic field is characterised by thin flux tubes, local variations of the rotational
profile can be triggered by considerably weaker stresses than the ones typical for channel flows.
For even weaker stresses, a slower, much more gradual modification of the rotational profile can

be observed for Mgy 2 10" ergem 3.

Influence of entropy gradients In a number of 2d simulations, we tried to investigate the in-
fluence of a thermal stratification on the MRI. We focused on models of series U2. Depending on
their sign, entropy gradients may be either stabilising the MRI (if dgs > 0) or provide convective
destabilisation (if dgs < 0). In both cases, the development of magneto-rotational modes may be
significantly affected. The instability can be entirely suppressed by a convectively stable stratifi-
cation. If the stabilisation does not suffice for a complete suppression, the geometry of the MRI
modes will be affected: due to the influence of buoyancy, we do not expect them to cover large
radial extents but rather to be squeezed into flat structures, if able to overcome the stabilisation
at all. In a convectively unstable regime, on the other hand, the MRI will grow on larger spatial
scales, resembling volume-filling hydrodynamic convection.

We simulated some of the models of series U2 with both positive and negative entropy gradients,
(1+5S8) o< @%. We will refer to the corresponding models with & = 0 as the “standard models” in
the following.

Stabilisation For a slightly stable profile, o = 0.25, and o = 0.5 (models U2-7 and U2-8; the
corresponding entropy gradients at @ = 15km are dgs ~ 0.02km ™! and dgs ~ 0.04km ™', respec-
tively), we find that the MRI grows, though at a reduced rate: for model U2-8, we estimate a growth
time of ~ 14ms, corresponding to @ ~ 70s~!, i.e., the growth is slower than in the corresponding
model with a vanishing entropy gradient by a factor of 10 (Fig. Fig:Anw-MRI:U2-8—tevo). The
maximum Maxwell stress reached by these model is reduced slightly w.r.t. the standard model.
With increasing &, we observe less and less prominent radial channel-like flow structures. The
MRI growth vanishes as « is increased up to @ = 1 (model U2-9, with an entropy gradient of
ds ~ 0.08km ). Such a stable gradient essentially suppresses the instability (see Fig. 5.36). We
do not observe significant growth of the field or the velocity perturbation in this case. Instead,
the initial perturbation is damped away quickly. At the end of the simulation, the magnetic field
has not changed significantly: it is still mostly oriented in z direction and has the same strength
as initially. The strong buoyant stabilisation essentially suppresses radial flows which are able to
transform the z field into a radial one, which in turn could be wound up by differential rotation
into a toroidal field. Hence, the toroidal component of the field is negligible. Initially, under the
influence of the still relatively strong perturbation, a channel structure reminiscent of the standard
case without thermal stratification develops in the @ component of the magnetic field. As the fluid
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motion fades away, this pattern remains frozen in. The Maxwell stress quickly approaches zero,
not inducing any large-scale angular-momentum transport.
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Figure 5.35: Same as Fig. 5.27, but showing the entire time evolution of model U2-8.

Convection In the opposite case of @ < 0, convection quickly sets in and leads to a fairly
different evolution.

We have to make a few comments regarding BCs. Since they allow for radial transport of internal
energy, shearing disc boundaries may, in principle, lead to artificial transport of entropy across the
pseudo-periodic boundaries, thus modifying the initial entropy profile. In tests with comparing
shearing disc with reflecting BCs, we verified that neither of these BC artificially suppresses the
MRI, and that both lead to very similar results.

We start the discussion with models with an initially very weak field (10*G) and a relatively
strong negative entropy gradient, dgs = —0.1km~! (model U2-10). In this case, the MRI is far
from being resolved numerically; hence, there is no back-reaction of the magnetic field onto the
flow.

The initial perturbations are amplified very rapidly and convection sets in during the first two
milliseconds. We find structures that are typical for convective flows: vortices surrounded by
down-drafts of “cold”, i.e., low-entropy, material and up-flows of “hot”, i.e., entropy-rich, gas.
After a few revolutions, the initially several small vortices merge to form a single coherent and
very persistent structure, a large vortex. The rotational profile of the system, after being disorted
by a certain amount during the first epoch with several small vortices, quickly relaxes to its initial
state. Afterwards it does not change significantly. A further characteristic of the state is that the
magnetic field strength is diminished inside the convection zone, and instead is accumulated near
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Figure 5.36: Same as Fig. 5.27, but showing the entire time evolution of model U2-9.

the inner and outer boundary. This phenomenon is reminiscent of the expulsion of magnetic flux
from convection cells well-known from magneto-convection theory.

The intensity of convection depends on the magnitude of the entropy gradient. For a shallower
gradient, the growth of the perturbations is much slower, and the formation of large-scale flow
structures is delayed considerably. Furthermore, the development of the MRI in a convectively
unstable system depends on the relative importance of the entropy gradients and the magnetic
field.

Models with a rather shallow entropy gradient, e.g., model U2-11, behave very similar to models
with no gradient at all, displaying only slight modifications to the MRI. Most findings of pure MRI
models hold here, too. The MRI grows on a similar timescale as in the standard case, leading to
angular-momentum transport and eventually to large-scale channel flows. In the final phase, both
the entropy and the angular-velocity profiles are transformed into radially streaming channels.

In models with strong entropy gradients (e.g., model U2-12), on the other hand, convection
dominates over the MRI. After a short initial phase during which a convective flow pattern is
set up, starting from mushroom-like flows that merge into larger vortices, the entropy profile is
flattened. The magnetic field shows a structure similar to the one described above: it is strongest
at the edge of the vortices and only fairly weak in their interiors. Since most of the domain possess
only a weak field (in our model b, < 10'?G, which tends to decrease), we do not observe any
growth of the MRI despite the essentially unmodified Q profile. Instead, the field energy and the
Maxwell stress is depleted as convective motions expulse the field from the vortex.
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Three-dimensional simulations

Though the previously discussed axisymmetric simulations demonstrate the possibility of MRI-
driven field amplification in SN cores and provide some insight into the evolution of an MRI-
unstable layer of a supernova core, to address the problem in full generality, we have to perform
three-dimensional simulations. These are, however, computationally quite expensive. Thus, we
are not able to perform as much simulations as we did in 2d. Instead, we have to focus on a few
selected models.

Differences with axisymmetry Axisymmetry imposes severe restrictions to the dynamics of the
magnetic and kinetic fields. The most important limitations are that, in axisymmetry, a toroidal
field cannot be converted into a poloidal one, and that the disruption of the channel flows requires
non-axisymmetric parasitic instabilities (Goodman & Xu 1994).

Models We simulated models with different field geometries and varied the initial field strength,
the entropy profile, and the grid size. The models are summarised in Tab. 5.5.

model name | field geometry grid size Qo [078) So 05S bo
[km] x [km] x [km] | [s™] [10"2G]
U3-1 uniform b, Ix1x1 1900 —-0.25 O 0 4
U3-2 uniform b, Ix1x1 1900 —-0.25 O 0 10
U3-3 uniform b, Ix1x1 1900 —-0.25 O 0 20
U3-4 uniform b, Ix4x1 1900 —-0.25 O 0 4
U3-5 uniform b, Ix4x1 1900 —-0.25 O 0 10
U3-6 uniform b, I x4x1 1900 —-0.25 O 0 20
U3-7 uniform b, 2x8x2 1900 —-0.25 O 0 10
U3-8 uniform b, 2x8x%x2 1900 —-0.25 O 0 20
U3-9 uniform b, I x4x1 1900 —-0.25 0.2 -0.02 10
U3-10 uniform b, Ix4x1 1900 —-0.25 0.2 -0.04 10
73-1 b,, zero flux Ix4x1 1900 —-0.25 O 0 10
T3-1 uniform by I x4x1 1900 —-0.25 O 0 40

Table 5.5: A list of our three-dimensional MRI models. The first column gives the name of the
model. In the second column, the initial field geometry is listed. The next column gives the size of
the grid. The last five columns show the initial conditions of the model: the parameters governing
the initial angular velocity (g and 0y,), the parameters of the entropy profile (Sy and o), and the
initial field strength byg.

Uniform b, field

Models U3-1, U3-2, and U3-3: basic behaviour We start the discussion with uniform-field
models. Comparing the linear growth phase of models U3-1, U3-2, and U3-3, we find a similar
dependence of the growth rate on the field strength: if the MRI wave length is resolved well, the
growth is fast and independent of by (U3-2 and U3-3). Under-resolved models, such as U3-1,
exhibit a slower growth of the MRI.
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During early phases, the evolution is similar to the corresponding axisymmetric models: a num-
ber of radially aligned channels appear. The strong differential rotation causes significant wind-up
of flow features leading to structures very elongated in ¢ direction. Hence, there is only a modest
variation of the MHD variables with azimuthal angle in this stage. Sheet-like structures dominate
the field geometry. The rotational profile begins to show distortions due to the transport of angular
momentum by the Maxwell stress (see Fig. 5.37, showing the model at # = 11.8 ms).

Unlike in axisymmetry, the coherent channel flows do not persist in this model, but rather are
modified by the parasitic instabilities identified by Goodman & Xu (1994) as the linear growth of
the MRI terminates at the transition to the saturation phase. The resulting flow is more complex
than the one at earlier times: though the presence of coherent structures such as flux sheets is still
significant, their geometry is more tangled and twisted, and less anisotropic than earlier on. This
indicates the turbulent disruption of the channels (see Fig. 5.38, showing the model at = 35.1 ms).

This evolution from coherent channel flows to a more turbulent state is characteristic for all
three-dimensional models of series U3. However, as pointed out by Sano & Inutsuka (2001),
channel flows can develop from the turbulent state of such a model. Consequently, the magnetic
field and the angular-momentum transport are amplified strongly. This is what we observe in
model U3-3 at late times, ¢ = 40ms (see Figs. 5.39 and 5.40), when a strong channel flow is
created. The model again enters a state of exponential growth, and a large part of its angular mo-
mentum is extracted by Maxwell stresses. The field strength reaches several 10'3 G, and the mean
Maxwell stress component Mgy exceeds 103%ergem 3. Since our shearing disc boundaries allow
for a loss of angular momentum, and thus for the total disruption of the differential rotation profile
by transport through the radial boundaries, this stage represents the end of the evolution, just as it
did in axisymmetry: the instability has used up its free-energy reservoir. Hence the later evolution
only consists of violent oscillations of the channel mode. We do not observe this evolution in any
of the other uniform-field models. However, since this process, evolving in a turbulent environ-
ment, possesses a random character, we suspect that the lack of a coherent channel flow is a mere
coincidence, and that these models may as well develop such a channel mode during their later
evolution.

Models U3-4 through U3-8: effects of the grid size We now discuss models U3-4, U3-5, and
U3-6. These are identical to the models discussed previously, except for a four times larger grid
extent in ¢ direction. We note that all models evolve similarly: an early linear phase during which
multiple channel flows develop is superseded by a turbulent phase without notable channels. We
do not observe late-time channel modes disrupting the flows. If we compare the saturation levels
of the field strength, field energy and Maxwell stress, we note only a very weak dependence on
the grid size.

In models U3-7 and U3-8, we doubled the grid size in each direction while keeping the number
of grid cells fixed. We rather concentrate on the well-resolved models U3-7 and U3-8, and compare
them to models with the same initial field but smaller grid, U3-5 and U3-6, respectively. In each
of the two pairs (U3-5 and U3-7, and U3-6 and U3-8), we find very similar dynamics. We note,
however, that the magnetic field energy and the Maxwell stress are larger by approximately a factor
of 2. For their shearing sheet simulations, Sano et al. (2004) (and later also Pessah et al. (2007))
derived scaling laws according to which one expects stronger fields and stresses for larger grids.
We note, however, that their results do not easily carry over to our simulations involving density
and pressure stratification.
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Figure 5.37: The flow and field state of model U3-3 atr = 11.8ms. The top group of panels shows
a cut through the model at a given ¢ coordinate. The bg component (in the plot denoted as by) of
the magnetic field and the angular velocity are plotted in the top left and right panels, respectively.
The panels in the second row show the magnetic field strength along with two-dimensional (i.e.,
(bg,b;)) field vectors (left), and the vy (denoted as v, in the plot) component of the velocity
field along with two-dimensional velocity vectors (right). In the bottom panel, we show a volume
rendering of the field strength, the red, green, and blue axis pointing into @, ¢, and z direction,
respectively.
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Figure 5.38: Same as Fig. 5.37, but at = 35.1 ms.
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Figure 5.39: Same as Fig. 5.37, but at t = 46.7 ms.
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Figure 5.40: Same as Fig. 5.37, but at = 52.5ms.
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Models U3-9 and U3-10: magneto-convection We continue our discussion with convec-
tively unstable models U3-9 and U3-10. In these models, the entropy gradients are rather shallow
(0ps = —0.02km ™! and dgs = —0.04km™!, respectively), allowing for the standard MRI scenario
to apply without too drastic modifications. If we compare the two models with the corresponding
ones without entropy gradients, we find fairly similar values of the saturation fields and Maxwell
stresses. We find densely packed channel flows in the early phases. These flows modify both the
rotation and the entropy profiles. Later, MRI saturation sets in, and the flow becomes turbulent
(Fig. 5.41), leading to large values of the transport coefficients. The vigorous transport soon es-
tablishes a rather shallow entropy profile in most of the grid. In this region, the instability is to
large degree a standard magneto-rotational one, whereas near the inner and outer radial boundary
we find structures reminiscent of convective mushrooms.

A model with vanishing flux We also simulated one model (Z3-1) with an initial field in z
direction but a vanishing magnetic flux. This model, after a linear growth phase, develops turbu-
lence. At late times, we do not see any channel flows. Compared to uniform-field models of the
same initial background profile and field strength, the magnetic energy and Maxwell stresses are
somewhat lower, but the amplification leads to very strong fields in excess of 10'*G.

Toroidal initial fields We, finally, discuss model T3-1 having a uniform toroidal field initially.
In this case, the instability is generically non-axisymmetric. In such models, the most unstable
modes have a finite wave number in ¢ direction, but an infinite wave number in z direction. Thus,
they are under-resolved on any grid. Consequently, we find a very slow growth of the instability
in model T3-1 (Fig. 5.42). We reach saturation not before # ~ 50ms. The saturation amplitude
of the field and the magnetic stress is similar to uniform-field models with a considerably weaker
initial field, more or less comparable to model U3-5. In this model, the dynamics is dominated by
a turbulent flow. Coherent structures may develop similar to other three-dimensional models, but
they neither reach the spatial extent nor the dynamical impact, e.g., of model U3-3.
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Figure 5.41: Model U3-10 at = 39.8 ms. The top and bottom panels show a volume rendering of
the entropy and the field strength, respectively. The arrows signify the @ (red), ¢ (green), and z
(blue) directions.
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Figure 5.42: Same as Fig. 5.27, but for model T3-1.






Chapter 6

Summary and conclusions

IF YOU FOLLOW REASON FAR ENOUGH IT ALWAYS LEADS TO CONCLUSIONS THAT
ARE CONTRARY TO REASON.

Samuel Butler

Development of a new radiation-MHD code The physics of compact astrophysical objects,
their formation, evolution, and, finally, their catastrophic explosions is very rich and complex,
including, e.g., general relativity, the dynamics of — potentially turbulent — fluids and magnetic
fields, neutrino transport, nuclear reactions, and the equation of state (EOS) of nuclear matter.
Not only are effects from very diverse fields of physics involved, but typically they are closely
coupled, and thus cannot be addressed independently of each other. Therefore, the applicability
of analytic approaches to these phenomena is limited, and instead numerical simulations have to
be used to study most problems. Simulations, in principle, can follow the evolution of complex
systems under very general conditions. Thus, they are a prime tool of theoretical astrophysics,
and are applied to very different astrophysical problems, including compact objects and cosmic
explosions.

Despite large numerical efforts and the rapid improvement of the computational power of su-
percomputers in recent years, the immense complexity of many problems still poses a problem to
numerical methods. Therefore, important problems such as the notoriously difficult question of
the explosion mechanism of core collapse supernovae still await solution. Thus, the development,
implementation, testing, and application of new accurate and efficient numerical schemes for the
solution of the equations governing the evolution of complex astrophysical systems is an active
field of research in theoretical astrophysics.

In this thesis, we focus on methods for two important fields: magnetohydrodynamics (MHD)
and radiation hydrodynamics (RHD). Our efforts are, in part, motivated by the recent progress
in the solution of hyperbolic systems of partial differential equations (PDEs) in general, and es-
pecially the MHD scheme. Many modern schemes for hyperbolic systems belong to the class of
high-resolution shock-capturing (HRSC) schemes. Two key ingredients of these techniques are the
reconstruction and the Riemann solver steps. Both steps are important in determining the order of
accuracy and the stability of the method.

Typically, the design of a reconstruction method is a trade-off between accuracy and stability.
It is possible to construct methods of a very high formal order of accuracy, but to ensure stability
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these methods have to fulfil certain constraints. Many traditional MHD methods use the so-called
piecewise-linear method reconstruction scheme based on the total variation diminishing con-
straint, resulting in 2"-order accuracy. Several years ago, different stability constraints were pro-
posed, leading to stable reconstruction schemes with a higher order of accuracy, viz. the so-called
weighted essentially non-oscillatory (WENO) (Liu et al. 1994) and monotonicity preserving (MP)
(Suresh & Huynh 1997) schemes. Still not very widespread, these schemes have been applied for
astrophysical flows only recently. To study their properties, we implemented both WENO and MP
schemes in our new MHD code.

HRSC schemes rely on the solution of the Riemann problem at each interface of neighbouring
grid zones, i.e., the problem of the evolution of two MHD states separated by a discontinuity. For a
number of systems, including the MHD equations, it is possible to construct exact Riemann solvers
which decompose the solution into characteristic waves, i.e., the eigenvectors of the Jacobian of
the flux matrix. Depending on the complexity of the eigenspace of the Jacobian, these methods are
usually fairly elaborate and computationally expensive. In many cases, one employs approximate
Riemann solvers which do not require the construction of the full eigenspace, but, typically, are
based only on a few eigenvalues. These methods are much faster than exact solvers, but are less
accurate. They lead to additional numerical diffusion, i.e., they have a larger numerical viscosity
than exact solvers. Recently, the multi stage (MUSTA) (Titarev & Toro 2005; Toro & Titarev 2006)
class of Riemann solvers with reduced numerical viscosity was proposed. Based on standard
approximate Riemann solvers, this method is computationally very cheap, but it can lead to results
nearly as accurate as the ones obtained with an exact solver. We implemented and tested different
MUSTA solvers.

The MHD equations are a hyperbolic system of PDEs. Thus, they can be solved using HRSC
methods. However, one of their most important features, viz. the absence of magnetic monopoles,
V.b=0, precludes the unmodified application of these methods and requires a careful design
of MHD schemes to prevent unphysical effects caused by the spurious development of magnetic
monopoles due to numerical errors. Different methods exist to ensure a divergence-free numerical
evolution of the magnetic field. Among these, our code uses the constraint transport (CT) method
(Evans & Hawley 1988) based on a spatial discretisation of the magnetic field fully consistent with
the induction equation and the divergence constraint. The divergence remains zero to machine
precision during the simulations.

In CT schemes, the magnetic field and the fluid variables (density, momentum, and energy) are
discretised in different ways, and the evolution equations of these two groups of variables are
treated separately. On the other hand, both equations are tightly coupled: the velocity field enters
the induction equation for the magnetic field, and the evolution of the fluid is affected by the
magnetic field via the Lorentz force. The CT framework allows for different construction methods
of the coupling terms, i.e., the electric field and the Lorentz force. To construct the electric field,
we implemented the scheme of Pen et al. (2003) and a scheme based on the recently developed
upwind constraint transport (UCT) methods (Londrillo & Del Zanna 2000; Londrillo & del Zanna
2004; Gardiner & Stone 2005) which computes the electric field consistently with the solution of
the MHD Riemann problem. The computation of the Lorentz force involves spatial averaging of
field components which we perform — following the UCT method — using high-order interpolation
and taking into the divergence constraint.

We evaluated our implementation of the MHD equations using several standard tests for numeri-
cal MHD. Among these are the propagation of hydromagnetic waves, different Riemann problems
involving discontinuities (e.g., shock waves), and problems testing aspects of turbulent flows. For
all tests, the code reproduced the correct results, e.g., the correct locations and speeds of waves.
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Strong discontinuities are resolved stably and accurately, with very little smearing of sharp fronts,
and with only minor numerical oscillations. In a wave-propagation test, the code, depending on
the reconstruction method, demonstrated an accuracy of 3" to 4™ order.

The transport of energy (and lepton number) by (neutrino) radiation through matter is a very
complex problem unless certain simplifications are allowed by the physical conditions. If the
reactions of the radiation with the gas can be neglected, the system is optically thin, and we can
apply the free-streaming approximation. If, on the other hand, the reactions couple radiation and
matter very tightly and the system is optically thick, the diffusion approximation provides a good
description of the transport. In both approximations, the radiative transfer (RT) equation reduce to
that of the 0™ angular radiation moment, i.e., the evolution equation for the radiative energy.

In many systems such as supernovae, both regimes apply in different spatial regions separated
by a transition zone where neither of the approximations is valid. In such a case, two different
approaches are widely applied. In one approach one attempts to solve the RT equations exactly
using Boltzmann solvers, and the other approach one relies on modifications of the diffusion ap-
proximations by introducing flux limiters (flux-limited diffusion (FLD) approximations) to provide
an interpolation between the diffusion and the free-streaming limits. The first approach is fairly
demanding and computationally very expensive, but its accuracy surpasses that of the simpler and
faster FLD approach, where — like in standard diffusion — only the 0" moment equation is solved.

We implemented a transport scheme which belongs to the class of approximative methods, but
evolves the 0™ and 1% moments of the radiation intensity (i.e., radiation energy and momentum)
rather than only the 0™ moment (Pons et al. 2000; Audit et al. 2002; Audit & Gonzilez 2006).
Since a truncated series of moments equations does not form a closed system of equations, we
need a closure relation. In two-moment transport, this closure is given by the variable Eddington
factor (VEF). Though typical VEFs are simple analytic or implicit functions of the radiation energy
and momentum, they provide a good approximation of the radiation field in both the diffusion and
the free-streaming limits as well as in the intermediate regime.

If the VEF fulfils certain constraints, the resulting two-moment system is hyperbolic, i.e., we
can solve the system using HRSC schemes. In the radiative transfer part of our code, we imple-
mented the same numerical methods we use for the HD equations, i.e., high-order reconstruction
and MUSTA solvers.

Neutrino-matter reactions such as emission, absorption, and scattering couple radiation and
matter. The resulting source terms do not interfere with the hyperbolic structure of the MHD and
RT systems, and thus can be accounted for in a separate step. To use the code for supernova sim-
ulations, we implemented the emission and absorption of neutrinos by nuclei and free nucleons,
and neutrino scattering off nuclei and nucleons. To simplify the test simulations, we did not take
into account the spectral dependence of the radiation moments on the neutrino energy but rather
evolved the grey system (i.e., integrated over neutrino energies).

We verified our RT scheme using a number of test problems by comparison with analytic results
or existing numerical simulations. We find that the code is able to handle both the diffusion and the
free-streaming limits accurately. In the intermediate regime, the results are in good agreement with
reference simulations. We, furthermore, performed a RHD simulation of the spherically symmetric
collapse and post-collapse evolution of the iron core of a star of 40 M. Though it was not our goal
to make detailed predictions concerning the explosion mechanism of massive stars, we verified
that our code is able to handle this problem properly, and to produce results that are in qualitative
agreement with more detailed simulations. In particular, we reproduced the deleptonisation of the
core during collapse, the trapping of the neutrinos in the dense core, the creation, propagation, and
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subsequent stall of the supernova shock wave, and the intense luminosity burst. No shock revival
was observed, i.e., we do not find a prompt explosion.

Hydromagnetic instabilities We used our code to investigate the evolution of two hydromag-
netic instabilities relevant to cosmic explosions: the MHD Kelvin-Helmholtz (KH) instability and
the magneto-rotational instability (MRI). Both instabilities can lead to turbulent flows varying
on small length scales. Thus, our simulations profitted greatly from the use of high-resolution
difference methods.

Kelvin-Helmholtz instability The merger of two neutron stars is one of the most promising
models for short gamma-ray bursts. After a long inspiral phase, the neutron stars touch each other
in a thin contact surface. Due to the combined orbital and rotational motion of the stars, a strong
shear develops across the contact surface. The shear layer is KH unstable, and, thus, perturbations
of the layer grow exponentially. Most NS possess a magnetic field which will be amplified by the
instability. In merger simulations, Price & Rosswog (2006) found that the magnetic field strength
increases to very large values exceeding 10'° G. They speculated about even stronger fields in
equipartition with the kinetic or the thermal energy, corresponding to 10618 G.

To check these results using an independent numerical method, we performed local simulations
of KH-unstable shear layers with magnetic fields. We performed two sets of simulations to gain
insight into the physics of the KH instability in general, and its occurrence in the merger process
in particular.

In two-dimensional simulations, we confirmed the basic picture established by Frank et al.
(1996), Jones et al. (1997), and Jeong et al. (2000).

1. Non-magnetic shear layers are unstable against the KH instability. Perturbations of the shear
interface grow exponentially until non-linear saturation sets in, and a circular vortex forms
at the unstable interface between the fluids streaming in opposite directions. The vortex
remains stable and coherent unless it is dissipated by (physical or numerical) viscosity.

2. A strong magnetic field (Alfvén number of the shear flow less than unity) suppresses the
instability because the flow perturbations cannot bend the magnetic field lines due to the
strong magnetic tension force. No vortex forms, and the shear flow exists until the end of
the simulation.

3. Weaker magnetic fields cannot suppress the instability or modify its linear growth phase, but
have a large influence on the non-linear saturation phase. Fields corresponding to Alfvén
numbers around unity lead to a stabilisation in the non-linear phase.

4. The topology of the magnetic field is dominated by thin flux sheets. The main mechanism
for field amplification is the stretching of flux sheets by the vortical motion. Due to the con-
servation of magnetic flux, the flux sheets become thinner during the stretching. Once their
thickness approaches the width of a few grid cells, effects of the finite grid resolution be-
come important, and further growth is inhibited by dissipation due to numerical resistivity:
field lines reconnect, releasing magnetic into internal energy. Since the magnetic energy was
previously amplified by the fluid motion, the magnetic field acts as a catalyst mediating the
conversion of kinetic into internal energy, i.e., dissipation of kinetic energy. These processes
are responsible for the dissipative dynamics of KH models identified by Jones et al. (1997)
in models with very weak initial fields. In these models, the KH vortex remains coherent in
the non-linear phase, but is subject to enhanced dissipation slowly extracting Kinetic energy.
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For slightly stronger fields, Jones et al. (1997) observed the disruption regime. If the mag-
netic field is in local equipartition with the kinetic energy when it reconnects, the dissipation
of kinetic energy is sufficiently intense to change the dynamics globally: the vortex is dis-
rupted quickly, and a broad transition layer dominated by flux sheets is established.

Our simulations, in particular investigations of the dependence of the border between dis-
sipative and disruptive dynamics as a function of field strength and grid resolution, led us
to the conclusion that the generic behaviour of weak-field models is the disruption of the
vortex, and that the dissipative regime occurs due to insufficient resolution only.

5. An upper bound for the magnetic field strength of a model is given by local equipartition of
magnetic and kinetic energy, i.e., it does not depend on the initial field strength. Whether or
not this limit is actually reached in a simulation depends on both the initial field strength and
the grid resolution: unless a sufficiently fine grid is used, or the initial field is sufficiently
strong, the field amplification will terminate before equipartition is reached due to numerical
dissipation. Since the amplification of the field occurs in increasingly thin flux sheets, a
simulation will show the growth of the field by a large factor only if very fine structures can
be resolved. Thus, to reach kinetic equipartition strength starting from a very weak field
requires a sufficiently fine grid resolution.

6. If excess numerical resistivity caused by inadequate grid resolution does not prevent the
field strength from growing to kinetic equipartition, the model will exhibit the disruptive
behaviour.

Our simulations also include models with a supersonic shear. In this case, we demonstrated the
importance of resonantly travelling shock waves for the evolution of the instability. Even without
magnetic field, strong dissipation of kinetic energy occurs in supersonic shear flows due to shock
heating. The evolution of the shear flow with weak magnetic fields is qualitatively similar to
subsonic models.

We performed a few three-dimensional simulations of weak-field models which confirm the re-
sults by Ryu et al. (2000). The dynamics is similar to the two-dimensional case, but the dissipation
of kinetic energy is enhanced w.r.t. the two-dimensional case due to the presence of generically
three-dimensional instabilities.

In simulations with initial data motivated by the contact surface of merging NS, we confirm
the results of Price & Rosswog (2006). The linear growth phase of the instability lasts for several
tenths of a millisecond, and perturbations grow exponentially. Saturation sets in, and the KH vortex
is disrupted by the reconnecting magnetic field whose energy reaches equipartition with the kinetic
energy. The maximum field strengths exceed 10'> G, in some models even 10'° G. We do not find
fields in equipartition with the internal energy, i.e., field strengths of the order of 103 G.

Magneto-rotational instability We used our code to investigate the evolution of differen-
tially rotating magnetised post-collapse cores of massive stars which, according to linear analysis,
should be unstable against the MRI.

Established by Velikhov (1959) and Chandrasekhar (1960), the MRI was found to be crucial for
the dynamics of accretion discs. If the angular velocity of a differentially rotating (e.g., Keple-
rian) magnetised disc has a negative radial gradient, the MRI will amplify any seed magnetic field
exponentially, irrespective of the field strength. In the non-linear saturation phase, the MRI leads
to turbulence and enhanced transport of angular momentum. Confirmed by an increasingly large
number of local and global disc simulations, MRI-driven turbulent transport is now considered to
explain the observed accretion rates of accretion discs (for a review, see Balbus & Hawley 1998).
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In stars, general MHD instabilities including the MRI were investigated by, e.g., Acheson (1978).
Later, Balbus (1995) generalised the MRI stability criterion to situations involving entropy gradi-
ents. The resulting criterion, replacing the Solberg-Hgiland criterion, provides a rather general
criterion for the rotational stability of stars. Although the MRI in stars may be relevant in many
evolutionary stages, most previous studies on the MRI focused on accretion discs. There are a few
important differences between discs and stars. Unlike discs, stars are supported against gravity
mainly by pressure gradients and not (Keplerian) rotation. In stars, entropy gradients play a more
important role than in discs, potentially leading to stabilisation (positive radial entropy gradient)
of MRI unstable layers or to convective destabilisation (negative radial entropy gradient) of the
system.

Akiyama et al. (2003) pointed out that the MRI might work as well in supernova cores,since
they rotate differentially due to the conservation of angular momentum of individual fluid ele-
ments during the homologous collapse. They estimated the possible magnetic field strength that
can be reached due to amplification by the MRI, assuming equipartition between magnetic and
rotational energy. Analysing the conditions for MRI in non-magnetic one-dimensional simulations
of spherical yet rotating cores, they found that the cores are MRI-unstable in large parts, and that
the field should grow to 10'>1®G within a few revolutions of the core, i.e., a few milliseconds.

Later two-dimensional MHD simulations of the magneto-rotational collapse of simplified models
of stellar cores (e.g., Obergaulinger et al. 2006b) confirmed these results by showing exponential
field growth in regions of strongly negative angular velocity gradients. However, these collapse
simulations suffered from a severe problem: the MRI has a preferred length scale associated with
the distance an Alfvén wave travels during one rotation period. This scale sets the wavelength
of the fastest growing mode (the so-called MRI wavelength). Modes with longer wavelengths are
also unstable, but possess a much smaller growth rate. If a simulation is unable to resolve the MRI
wavelength by several grid cells, it will strongly underestimate the growth of the MRI or even —
for very poor resolution — miss it entirely. Since the MRI wavelength is proportional to the Alfvén
velocity, it is smallest for the astrophysically most relevant case of weak initial fields. Thus, the
predictive power of global simulations (i.e., simulations of the entire core) is limited by the grid
resolution one can afford on current computers.

To study the evolution of the MRI in post-collapse cores, we performed two- and three-dimensional
local simulations. We simulated a small part of the core, replacing its surroundings by bound-
ary conditions. At a radius of approximately 15km near the equatorial plane of the core, we
constructed differentially rotating initial models in hydrostatic equilibrium between gravitational,
centrifugal, and pressure forces. We endowed these models with an initially uniform field in z-
direction, a field in z-direction with a vanishing net flux, or a uniform toroidal field. We used
periodic boundary conditions in vertical and azimuthal directions, and shearing sheet boundary
conditions in radial direction.

In all simulations the MRI grows within a few rotational periods, which, for our models, corre-
sponded to less than a few milliseconds — if the MRI wavelength is resolved well. Otherwise, a
considerably slower growth si observed. In axisymmetric models with a uniform initial field in
z-direction, we recovered the channel solutions identified by Hawley & Balbus (1991), and inves-
tigated in detail by Goodman & Xu (1994). The instability develops coherent large-scale flows
that merge into one up-flow and one down-flow. These flows are characteristic of the linear phase
of the instability. In three dimensions, they are prone to non-axisymmetric instabilities, and break
down into turbulence. Lacking these parasitic instabilities, the channel modes persist even at non-
linear saturation. As a result, the flows do not saturate until the rotational profile is completely
disrupted. For a zero-flux initial field, we observe the development of turbulent flows without
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coherent channel flows. Thus, in axisymmetry, the results from local disc simulations apply to the
case of supernova cores as well. In particular, the growth times are of the order of the rotational
period, as expected.

In three-dimensional simulations of models with uniform initial »,, the channel flows of the
linear growth phase are disrupted by parasitic instabilities, and the velocity and magnetic fields
become turbulent. As a result, the magnetic fields and the Maxwell stress reach lower saturation
values. The maximum field strengths are in the range of 10'%13 G, the toroidal field exceeding the
poloidal components by a factor of 2...4, typically. Even in the turbulent state, coherent channel-
like flows can develop. In one of our models, we observe the disruption of the rotational profile
by a channel flow similar to the axisymmetric case. Varying the field geometry, we find that in
supernova cores the MRI works both with an initial b, field with vanishing net flux and a uniform
toroidal field, the saturation fields being of the same order as in the uniform-field models.

Additional simulations involved systems with stabilising or destabilising entropy gradients. For
strong positive gradients, no instability occurs at all, whereas for negative gradients we observe
the development of convective flows, i.e., up- and down-flows of matter of high and low entropy,
respectively. In such models, the initial entropy gradient is removed by convective overturns. In
the resulting flat entropy profile, the MRI can lead to similar flows and similar field strength as in
models with a flat initial entropy profile.

Outlook While our study of the KH instability already allows us to draw conclusions on the
evolution of an interesting astrophysical system, viz. the contact surface of merging neutron stars,
the MRI in supernova cores certainly deserves a further, more thorough investigation. Having
demonstrated that the MRI indeed works in the case of stars, and particularly supernova cores,
as expected from analytic considerations and from the analogy with disc simulations, subsequent
studies can focus on the scaling of the saturation fields and stresses with the initial field strength.
This should include simulations of weaker initial fields which require a considerably finer, grid
and thus are computationally more demanding. Furthermore, the dependence of the saturated
state on numerical parameters such as the grid size and resolution merits additional investigations.
The ultimate goal of such investigations would be the development of a sub-grid model, i.e., a
parametric description of the effects of the MRI below the grid resolution that can be used in global
simulations. In turbulence theory, such (LES; large eddy simulation) models, typically based on
turbulent viscosities and resistivities, are used with great success, but the precise formulation of a
model for the MRI is not yet established.

Our code is a rather advanced and versatile tool, which can already be applied to various as-
trophysical systems. Nevertheless, one has to put more effort into additional code development
in order to fulfil the requirements of certain more intricate problems. In particular, global two-
or three-dimensional simulations of core-collapse supernovae, hypernovae and collapsars require
an improvement of the treatment of the neutrino transport (possibly by using an energy-dependent
transport scheme) and of the neutrino-matter interactions, as well as to implement an efficiently
parallelised three-dimensional Poisson solver. Further simulations focusing on the fundamental
physics of MHD instabilities, on the other hand, should include physical viscosities and resistivi-
ties.






Appendix A

Conservation laws in general
coordinates

In this appendix, we will shortly summarise the formulation of tensorial conservation laws of
the Gauss and Stokes types (Eqn. (2.2)) in general orthogonal coordinates, including Cartesian,
spherical, and cylindrical ones. A more thorough discussion of these issues can be found, e.g., in
the books by Mihalas & Weibel Mihalas (1984, appendix A) and Warsi (1993).

We consider three-dimensional space labelled by coordinates E = (&1,&,&3). We will use the
symbols summarised in Tab. A.1; to distinguish between geometric terms in these coordinates, we
will uses subscripts Ca, sp, and cy for Cartesian, spherical, and cylindrical coordinates, respec-
tively.

Cartesian (x,,2)
Spherical | (r,0,9)
Cylindrical | (@,¢,z)

Table A.1: The three orthogonal coordinates we implemented.

Metric and geometry elements We start with the metric tensor g describing the spatial distance
associated with coordinate differences:

(ds)* = g;;dE'dE. (A.1a)
In general orthogonal coordinates, it reads
g = diag(hy,hy, h3), (A.1b)

where h; are functions of the coordinates. Because of the orthogonality, the metric is diagonal
lacking cross products of coordinates. The specialisation to Cartesian, spherical, and cylindrical
coordinates is given by

gCa:diag(l)lvl)v (A2a)
gsp = diag(1,r,rsin ), (A.2b)
gey = diag(1,@,1). (A.2¢)
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From the metric, we can compute all kinds of geometry elements: the distance along a coor-
dinate direction, the area of a surface orthogonal to one of the coordinates, and the volume of a
spatial domain.

Line elements The general line element dL; is given by

dL; = hdé;. (A.3a)
In Cartesian, spherical, and cylindrical coordinates:
dL, = dx, dLy = dy, dl, =dz. (A.3b)
dl, =dr, dlg =rdo, dLy =rsin6 d¢. (A.3c)
dlgp =do, dly =@ do, dl, =dz. (A.3d)

Surface elements The general surface element is given by

dA; = [ h;dg;. (A.4a)
J#i
In Cartesian, spherical, and cylindrical coordinates:
dA, =dydz, dA, = dz dx, dA, =dx dy. (A.4b)
2 2
dA, = * d(—cos 0) dg, dAg = sin @ d% do, dAy = d% de. (A.4c)
wz
dAg =@ d¢ dz, dAy = do dz, dA,; = d7 do. (A.4d)

Volume elements The volume surface element is given by

dV = [ Jrd&:. (A.52)
In Cartesian, spherical, and cylindrical coordinates:
dV =dx dy dz, (A.5b)
dV = d’:j d(—cos0) do, (A.5¢)
o2
dv = d7 d(¢) dz. (A.5d)

Covariant derivatives From the metric, we can compute the Christoffel symbols required to
formulate the covariant derivatives. We will not list them here explicitly, but rather directly sum-
marise the covariant derivatives of tensors of different ranks.

Gradient of a scalar In Cartesian, spherical, and cylindrical coordinates, the gradient of a
scalar function f is given by

Vf = 0, fe.+0,fe,+d.fe., (A.6a)

- 1 1

Vf=0.fé +—-daféo+———-0yfé, (A.6b)
r rsin @

- 1
VI =dafen+ <0912 +.fe. (A.6¢)
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Divergence of a vector The divergence of a vector V in general orthogonal coordinates is
given by

o 1 .
V-i=) ', (A.7a)

In Cartesian, spherical, and cylindrical coordinates, we have

%-T/’z&\/x—l—av}—i—avz, (A.7b)
V.v= 8 rPve+ — 89 sin Qvg +798¢ . (A.7c)
rsin
V-V= 580705\)0; + 58¢v¢ +d,v,. (A.7d)

Curl of a vector The curl of a (pseudo) vector V in general orthogonal coordinates is given by

(V V)i - Jg (9 = a') (A.82)

The coordinates of the curl in Cartesian, spherical, and cylindrical coordinates are listed below:

(V v)i = \}g (9 =), (A.8b)
(Vx7) = — 11 = 96 (sin0v) — 902 (A.8c)
(V 17)9 - % [Suiea(pv’ - arrv(b} : (A.8d)
(Vv x7) " % [0 =9V, (A.8¢)
(V~ v)w = %aq,vz — a0, (A.8)
(% <7’ = 907 — 3y (A.82)
(Vx7) = % (9 (@v°) — 9517 . (A.8h)

Divergence of tensor of rank 2 The covariant divergence of a tensor of rank 2, T, is given by
, 1 . o
V3 = —9;(,/g%V) + 1T, Tk (A.9a)
J \/g) J f Jjk
In Cartesian coordinates, Eqn. (A.9a) reads
VTV =09,3Y. (A.9b)
The expressions for spherical coordinates involve geometric source terms:

1
V3 = —8 P4 r&g sin@ T° +t5 8¢Tr¢ [gee +T¢¢} ; (A.9ca)

1 1
V30 = fa,ﬂfs@’ + —0psin® T99 4 Tn 5 0y T+~ [Te cot S‘P‘P] , (A.9cb)
r

V30 = fa rPE 4 iaesme z¢9+—a¢z¢¢+ [z’q’ +cot z"ﬂ (A.9cc)
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In cylindrical coordinates, the result is:

V,307 = %aa, (@T®%) + %aq, (TP) + 09, (%) - %W’, (A.9da)
V3% = %aﬁ; (@%°) + %a¢ (T99) + 0, (T9%) + %TW, (A.9db)
VT = %aa, (@F°) + %aq, (T9) +9.(%T%). (A.9dc)

Conservation laws We now can formulate the Gauss conservation laws for a scalar and a vector,
and the Stokes conservation law for a vector in all three coordinate systems. If we insert the correct
conserved variables (mass, momentum, energy, radiation moments; magnetic field) and the correct
fluxes (mass and energy flux vectors, stress tensors, higher moments; electric field) and sources,
we can read off from these equations the MHD and RT equations.

Scalar conservation law The conservation law for a scalar variable u with flux f and source
s reads: in Cartesian coordinates:

du+ o f*+ 0, f +d.f*=s, (A.52)

in spherical coordinates:

dhu+ %8rr2f’+lagsin6f6+ dof? =s, (A.5b)
r r

rsin O

in cylindrical coordinates:

1 1
S+ = 0o®f7+ 0o f* +0f =s. (A.50)

Gauss conservation law for a vector The Gauss-type conservation law for a vector variable
v with symmetric flux tensor ¥ and source § reads in Cartesian coordinates:

o' + T+ 9,TV + 9,3 = ¢, (A.6a)
in spherical coordinates:
1
oV +3 a P74~ 89 sin@ %" +—— 8¢ T =g - - [399+S¢ﬂ, (A.6b)
1 1
e + 78,r T4 —OpsinO T+ — 9, T = [3’9 - cotez‘i’ﬂ . (A6o)
r r rsm r
1 1 1
0+ 50T 4 psinOT0 4 3, T =4 — [T cot0T?],  (A6d)
r? r rsin @ r
in cylindrical coordinates:
o, | oo, | ofl o _ o, Laoo
oV +—8a,wz +—a¢z +0. 3% =s +53 , (A.6e)
1 1
ov? + wawm TI0 4 — a¢ T 49,397 =0 55“"? (A.6f)

v + 5aww T4 59¢ T 49,7 = 5", (A.6g)
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Stokes conservation law for a vector The Stokes conservation law for a (pseudo) vector #
with flux F' and source S reads in Cartesian coordinates:

o’ + [0 F* — d.F’] = §*, (A.7a)
o + [0, F* — o F*| =8, (A.7b)
o’ + [0 F — o,F*] = 5, (A.7¢)
in spherical coordinates:
1 -
o’ 4+ ——— [ag sinOF® — 9,F%| =", (A.7d)
rsin @ J
1] 1 1
oul + - [ ——0yF" — 0,rF? | =S§°, (A.7¢)
r |sin@ |
1 -
o+~ [a,rF" _OpF'| =59, (A7)
r i
in cylindrical coordinates:
1
ou® + = [0y F¢ — 9.F?] = S°, (A.72)
u® + [0.F® — IgF] = 5°, (A.Th)

o’ + % [0a®F? — 0, F°] = §. (A.Ti)
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Appendix B

Multi-stage solvers

In this appendix, we will explain some technical details of the implementation of the MUSTA
solvers. We will assume that the MUSTA scheme uses s steps and an arbitrary (approximate) Rie-
mann solver.

We start with the cell averages of the conserved variables, u;, the subscript i denoting the grid
cell. We will refer to this grid as the original grid. The procedure is as follows:

1. Reconstruct the left and right zone-interface variables ul,Lj’ER1 .
2
2. For each interface i — % open the Riemann fan, i.e., evolve the Riemann problem defined by
the left and right states according to the following recipe:

(a) Define an equidistant grid of 2z zones from —z to z (the MUSTA grid, see Fig. B.1); for
simplicity, we set the cell width to unity. We will denote the variable on the MUSTA grid
with &, and the grid index on the MUSTA grid with j, assuming that the cell interface
with the index j = % is located at & = 0, and the zones j = 0 and j = 1 have the
coordinates & € [—1;0] and & € [0; 1], respectively. The centre of zone j is located at
S

(b) Map the interface values onto the MUSTA grid (we will denote the variables on the
MUSTA grid with w and the corresponding fluxes with v):

ur it ;<0

1
2

uR | ifE; >0
2

i—

w; = (B.1)

Here, i refers to the (fixed) zone interface of the original grid, and j refers to the zones
of the MUSTA grid.
(c) Reconstruct the MUSTA variables w to the interfaces of the MUSTA grid, obtaining w?iRl .
2

For this step, we use simple PCM reconstruction.
(d) Compute the fluxes vljffl = v(wljffl ).
2 2
(e) Compute the final interface fluxes v L from the interface values of the MUSTA vari-
ables and fluxes using the (approximate) RS.
(f) Define the MUSTA time step 8¢ from the CFL condition on the MUSTA grid: (8t)~! =
LR
CFLmax(?Ljil ).
(g) Evolve the MUSTA variables one step in time. We only take into account the fluxes,
disregarding any sources terms, whether physical or geometrical:

wj=8t(v (B.2)

jtd T Vied)-
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(h) Repeat steps 2b —2g (s — 1) times, i.e., evolve the MUSTA variables s time steps.
(1) Return to the physical grid (the u variables): obtain the predictor values uiL_'R1 from the
2

MUSTA variables wo.1:

R =w. (B.4)

3. Perform the corrector step:

(a) compute the fluxes fiﬁ from u-R
2

e
=3

(b) use the RS to compute the final fluxes from fli]f and u-R
2

ixlr

The number of zones on the MUSTA grid depends on the number of MUSTA steps. For a one-step
scheme (MUSTA(1)), we only need 2z = 2 zones. Larger numbers of steps require us to either
use larger MUSTA grids or apply boundary conditions on the MUSTA grid. Taking into account
the domain of dependence of the hyperbolic system (due to the CFL condition, a zone can only
influence its immediate neighbours during one step). Since for most problems a one-step scheme
is sufficient, we do not go into further detail here, referring the reader to Toro & Titarev (2006).

original grid

MUSTA grid
W-1 WO W1 W2
j=-1 j=0 j=1 =2

Figure B.1: A sketch of the correspondence between the original and the MUSTA grids. The left
and right interface variables of the original grid, ul,L;’Rl are mapped to the MUSTA grid. We evolve

2
the MUSTA variables for a few time steps and map the resulting variables back to the original grid.



Appendix C

Constraint transport: induction
equation and Lorentz force

Here, we will discuss the technical details of our implementation of the CT method. Our basic
variables are the HD state u; ;; defined as volumetric zone averages' , and the components of the
magnetic field, (b7 R
Fig. C.1). For the evolutionary equations, we have to compute the HD fluxes, f, and the electric
field, E = —v x b (For simplicity, we set ¢ = 1 in this section.). Following our CT discretisation,
the fluxes and the electric field are defined on zone surfaces and zone edges, respectively. By
definition, both variables depend on both HD variables and the magnetic field. Their computation
using HRSC schemes is not uniquely defined. We use the following steps:

T
) , defined as surface averages over zone interfaces (see

1. Start with the discretised conserved variables u; ; x and the “original” magnetic field com-
T
ponents (b’i‘_%’j’k, bf’ji%’k, bij7k7%) )
2. Compute the zone averages of the magnetic field, B; j.k» from the original zone-surface val-
ues using either (arithmetic) averaging or high-order reconstruction techniques.
3. To compute the fluxes in x direction (the x sweep):

(a) Reconstruct the conserved variables u; ; ; and the transverse fields, Bijzk, to the zone
surfaces at x; 1 yielding left and right interface values. The divergence constraint
implies that the longitudinal magnetic field (i.e., the x component in the x sweep) is
continuous. In accordance with this continuity requirement, we do not reconstruct the

X J—
x component of the field, but rather set Bl_ kT bf e

(b) Compute the fluxes ( fx)l.Lj’ER1 ik and the electric field components
2

(E” )L’R —0 (C.1a)
li%mﬂk o )

o I o C.1b
17%71,16 o _(v B )17%7‘],167 ( ) )

(E“ (C.1c)

LR
5 ,k) — (VB —B)R
31Js

lifﬁ]vk.

'Subscripts i, j, k refer to the x,y,z coordinates of grid zones. Integer indices denote zone centres and volume
averages over the zones, and non-integer indices denote (averages over) zone interfaces
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CONSTRAINT TRANSPORT

. Using these fields, compute the edge fields E

Here, the 1 and 2" superscript of the electric field refer to the x sweep and the vector
component of the electric field, respectively. Although it is not necessarily vanishing,
we set the component E* to zero because we do not need this component in the
scheme (since the induction equation involves the curl rather than the divergence of
the electric field, i.e., there is no term involving E%* in the x sweep).

(c) Compute the final interface fluxes f* Pk using a (MUSTA or non-MUSTA) RS. In the

same step, compute the final 1nterface values of the electric field, E using the

iw
same RS. In case of a MUSTA scheme, this means that we have to perform at least one
MUSTA predictor step for the magnetic field components as well, i.e., we have to evolve
the left and right interface values of the magnetic field using the electric fields from
Eqn. (C.1). Please note that the longitudinal magnetic field, B} " is not affected
by the MUSTA predictor step(s), because there is no x derlvatlve in the x component
of the induction equation. Thus, the continuity requirement on b" is fulfilled after the
predictor step(s), too.

(d) The results of this procedure are the interface fluxes and the interface electric fields.
We store the fluxes to compute the temporal change of the HD variables and the electric
fields to compute the zone-edge electric fields from them in a later step. Store the zone-

interface values of the fluid velocity, )_" L3S well. We will need it to determine the
—2/

upwind direction when computing the zone-edge electric fields.

Repeat step 3 for the y and z sweeps, yielding the interface fluxes fy and fz 1 the

interface electric fields E) 1k ik and v i k"

In these and similar expressmns in the followmg, the dot in the superscrlpts serves as a
placeholder for vector indices, i.e., for x, y, and z.

1
—1k
and E o e and the interface Velocmes v’

. Perform the x sweep of the computation of the zone-edge values of the electric fields:

L]=7%,

(a) Reconstruct the field components E” . and the velocities vf ’}*2 to the zone edges,
XZ=Xipls yielding left and right states (E f Vit k) L7R. Now, the additional superscript
x refers to the x sweep of the construction of the E field.

(b) From these, obtain unique edge fields E” o using an upwind solver (or any other
RS).

(c) Repeat these steps for the field components E

i~k

T to obtain Eil ST

Yo X
Repeat step 5 for the y and z directions to obtam E ]iwk, E; AT E*z jkeL and
A
ij—A kL’
Z7y7

: by averag1ngE> b Sy and E; P

1

1
i,j—5.k—
and analogously for the other components.

. Using the interface fluxes and the edge electric fields, compute the temporal change of u and

b.
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Figure C.1: A sketch of a cell of the MHD grid. The blue vectors indicate the collocation of the
components of the magnetic field. Each field component lives on an orthogonal zone surface. The
green vectors show the components of the electric field. They are collocated on zone edges. The
left and right states of variables reconstructed in step 3a as well as the fluxes computed from these
variables and the electric field components computed in step 3b live at the same location as the
magnetic field does. In step 5a, the electric fields are reconstructed from the zone surfaces (blue)
to zone edges (green).
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EOS

FD

FLD

FV

GRB
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HRSC
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LTE

LxF

LxW

MHD

MP

MRI

MUSTA

NS

ODE

boundary condition

black hole
Courant-Friedrichs-Levy
constraint transport
essentially non-oscillatory
equation of state

finite difference

flux-limited diffusion

finite volume

gamma-ray burst
hydrodynamics
Harten-Lax-van Leer
high-resolution shock-capturing
Kelvin-Helmholtz

local thermodynamic equilibrium
Lax-Friedrichs
Lax-Wendroff
magnetohydrodynamics
monotonicity preserving
magneto-rotational instability
multi stage

neutron star

ordinary differential equation



192 ACRONYMS
PCM piecewise-constant method

PDE partial differential equation

PLM piecewise-linear method

PNS proto-neutron star

RHD radiation hydrodynamics

RK Runge-Kutta

RM radiation moments

RME radiation-moments equation

RS Riemann solver

RT radiative transfer

RTE radiative-transfer equation

ShD shearing disc

ShS shearing sheet

SN supernova

SPH smoothed particle hydrodynamics
T™T two-moment transport

TVD total variation diminishing

ucT upwind constraint transport

VEF variable Eddington factor

WENO  weighted essentially non-oscillatory



Nomenclature

The following symbols were used. We list symbols used across different sections of the thesis.
Symbols which are only “local” to one specific section are not necessarily included.

Constants

c vacuum speed of light

Mg solar mass, = 1.98 x 10¥g

Phnuc nuclear density, Ppyc ~ 2 X 104 g cm ™3
Geometry

A area

L length

A% volume

MHD variables

B magnetic field

b= \/%r magnetic field

£ internal energy density
E electric field

€kin kinetic energy density
€mag magnetic energy density
€tot total energy density

& volume-integrated energy
S entropy

r adiabatic index

i electric current density
M volume-integrated mass



194 NOMENCLATURE
P volume-integrated momentum
Q angular velocity
Prag magnetic pressure
P, total pressure
) gravitational potential
Re hydrodynamic Reynolds number
Rem magnetic Reynolds number
P gas density
Cs sound speed
T stress tensor
gas temperature
vV gas velocity
Y, electron fraction

RT variables

n

Pe

()

T B R
'B' il

radiative emissivity

flux factor

opacity

True opacity

optical depth

Peclet number

radiation energy density
specific radiation intensity
radiation flux density
radiation pressure tensor

variable Eddington factor
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