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ABSTRACT
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INTERFACES IN NUMERICAL RELATIVISTIC HYDRODYNAMICS
by Stephen Timothy Millmore

This thesis investigates numerical techniques for modelling sharp interfaces
between relativistic fluids. The motivation for this work lies in obtaining ac-
curate models of neutron star interiors for use in multidimensional simulations
in general relativity. The interior structure of a neutron star is believed to
contain several regions, often separated by sharp transition layers. These lay-
ers are too thin to be explicitly incorporated in a numerical simulation of the
entire star. We investigate how techniques can be developed to model these
layers as sharp interfaces, across which the matter model can change, with
the microphysical behaviour of the transition layer described through some
appropriate boundary conditions.

The physical situations in which strong, detectable, gravitational waves are
produced are, by their nature, violent events. As a result, we expect that large
non-linear features, such as shock waves, will be formed. Therefore it is essen-
tial that the techniques developed to incorporate these sharp interfaces allow
for their interaction with non-linear features in a stable manner numerically.

The techniques required for modelling sharp interfaces between two fluid
components has not previously been considered in relativity. However, in New-
tonian computational fluid dynamics, the boundary conditions required for
stable, accurate behaviour across a sharp interface between two fluids, mod-
elled using level set methods, have been developed. These techniques lend
themselves naturally to an extension to the relativistic situations we wish to
consider. In this thesis we start from the Ghost Fluid Method of Fedkiw et al.
We first investigate whether it can be extended to simple relativistic situations,
hence use special relativity in 141 dimensions. In order to use this method in
neutron star simulations, however, full general relativity is required. We there-
fore extend these initial results to a spherically symmetric self-gravitating body
in 141 dimensional general relativity. Finally, since gravitational wave produc-
tion requires a fully asymmetric system, we show that our method extends to
multidimensional relativistic situations. To this end, the final chapter presents
results using 2+1 dimensional special relativistic simulations.
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Chapter 1
Introduction

Astronomical objects have long been identified as valuable test-beds for many
areas of physics since they are subject to conditions that cannot be replicated
in a laboratory situation. Neutron stars (NSs) are a classic example of this,
with a typical mass of ~ 1.4M; and radius of ~ 10km, they can achieve a
central density in excess of nuclear density (2 x 10*g cm™') making them one
of the densest objects known [119]. They provide the means to allow us to
probe the extremes of compactness, magnetic field strength and rotation and
provide an environment which may lead to the creation of exotic particles. It
is useful to consider just how extreme these conditions are in a quantifiable
manner. We quantify compactness by determining just how ‘close’ a NS is
to being a black hole (BH) (i.e. how close it is to the Schwarzschild radius).
Specifically if we take 2 GM /(Rc?*) where G is the gravitational constant, M
the total mass, R radius and ¢ the speed of light, then we find the compactness
of a typical NS is ~ 107! of that for a BH. The magnetic field of a NS can
exceed 10'°G [60], a factor of ~ 10 times greater than that of the Earth. The
fastest observed rotation rate of a NS is ~ 1ms [120], hence the surface of this
star will be rotating ~ 0.1c. The densities within a NS mean that matter can-
not remain bound within nuclei. It is possible that at these densities we may
find strange matter (baryons which contain at least one strange quark), which
would be unstable in terrestrial situations [209]. It is perhaps not surprising
that with behaviour so far removed from that found on Earth, to model a NS
accurately we would expect to use general relativity (GR), magnetohydrody-

namics and nuclear physics. One result of these conditions, in particular the
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extreme densities within a NS, is that this makes these objects perhaps the
most promising source for detectable gravitational wave (GW) emission. Only
by carefully matching observational data with accurate theoretical models can
we hope to probe the physics of these objects.

The first theoretical predictions of the existence of NSs were made by Baade
and Zwicky in 1934 [21], just two years after the discovery of the neutron [42].
The actual discovery of NSs came serendipitously in 1967 when a pulsating ra-
dio source was discovered by Bell and Hewish [96]. Shortly after this discovery,
the source was identified as a NS [77]. Since then many of these rapidly pulsat-
ing radio sources (pulsars) have been identified and represent one of the most
commonly observed forms of NS. Several more classes of NS have also been
identified, including those with x-ray and gamma-ray emissions in addition to

further radio sources, see e.g. [78, 215].

1.1 Neutron stars and general relativity

Einstein’s theory of general relativity, first published in 1915, is a geometric
theory of gravitation [62]. The theory states that matter and energy distort the
geometry of space and time (spacetime), and that the geometry of spacetime
in turn affects how matter and energy behave. In a weak gravitational field,
the differences between GR and the Newtonian theory of gravity are small. In
a strong field, Newtonian gravity can, however, no longer offer a reasonable
description of how matter moves. It is therefore unsurprising that NSs, which
fall into this strong gravitational regime, require GR to accurately describe
their behaviour.

Observational evidence also suggests that an accurate model of a NS must
use GR. From the observations, information about the mass range of NSs
can be inferred. Current estimates of the maximum mass are in the range
1.5 Mg to 3 My. Observational difficulties and model-based dependence of
the interpretation of these observations may lead to the uncertainties in the
maximum mass estimates, but for individual models, there is always a clear
maximum [87]. In Newtonian physics, there is no limiting constraint that can
explain this maximum mass. In GR, by contrast we do have a limit above

which a NS becomes unstable, at which point there is no known mechanism
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which can prevent collapse to a BH. The actual value of this maximum is
dependent on the model used to describe the interior of the NS, its rotation
and its magnetic field. For all realistic models in GR, we find the maximum
mass is consistent with that provided by the observations [86, 136, 177, 210].

The maximum masses of a variety of models are shown in figure 1.1.

1.2 Neutron star formation and structure

In order to model NSs we need to understand both how they are formed and
their composition. Even in the first predictions of NSs, Baade and Zwicky
suggested that NSs could be formed during a supernova (SN) [21]. Since
this initial prediction, observational evidence has been identified in support of
this. The Crab pulsar was discovered in the SN remnant SN1054, and the SN
itself was observed and documented at the time [164, 165]. Similarly the Vela
pulsar is also associated with a SN remnant [117]. It is now apparent that
most NSs are formed from type IIb SN, the collapse of the core of a massive
star. Progenitor stars for NS production are thought to be those with masses
in the range 8My < M < 100M,, [113, 119].

Core collapse SNe are just one of the possible outcomes that arise at the
end of a star’s ‘life’. The majority of the life of a star consists of the fusion
of hydrogen into helium within its core. This provides radiative pressure to
prevent gravitational collapse, sustaining the star for ~ 10 —10® years for a NS
progenitor, or ~ 101? years for a solar mass star [107]. Once approximately 10%
of the hydrogen in the core of the star has been used, the pressure provided
by this fusion is no longer sufficient to support the star. At this point the
core of the star starts to contract, increasing pressure and temperature in this
region. If the star is sufficiently massive, this can initiate the fusion of helium in
addition to the remaining hydrogen, and preventing further contraction of the
core. The quantity of helium is significantly less than that of hydrogen, hence
this helium fusion cannot be sustained nearly as long ~ 10° —10° years [107]. If
the star is massive enough, fusion of heavier elements may continue until iron
is produced. For elements lighter than iron, the fusion of two nuclei generates
energy, but for fusion to continue beyond this point energy must be added to

the system, therefore radiative pressure no longer has the capability to halt
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Figure 1.1: Ilustrating the maximum masses of a NS based on the choice of
model. The central density (p.) is plotted against total gravitational mass
(M). Tt is clear that for each model a maximum is reached (above which
increasing the central density appears to reduce the total mass, suggesting the
NS is unstable). The shaded region represents the range of known (accurately
measured) NS masses. Source: [86].
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matter falling towards the core [177]. In order for a star to generate iron in the
core (and hence later undergo a type IIb SN) it must be massive enough for
the contraction of the core to provide temperature and pressure required for
the fusion of all nuclei up until this point. It is this that provides the ~ 8M
minimum mass constraint for NS formation.

The unavoidable gravitational collapse that occurs at this point that trig-
gers the SN explosion. Once this collapse has started, the pressure (and tem-
perature) within the core continue to rise as a result of the infalling mat-
ter. This continues until the density of the core is sufficient for the Pauli
exclusion principle to apply. The general case of this principle states that no
two fermions (quarks or leptons) may share the same quantum state. Con-
sequently the fermions in sufficiently dense regions effectively cannot be too
close together and, in the core, they experience a pressure known as degen-
eracy pressure. This pressure prevents further collapse of the material at the
centre of the core and effectively provides a solid boundary against which the
remaining infalling matter will impact [103]. In these conditions subatomic
interactions favour isolated neutron production, hence a neutron-rich core is
formed, referred to as a proto NS [103].

This impact of the infalling matter onto the degenerate core is known as
core bounce. This sends a shock wave propagating outwards through the in-
falling matter. The remaining infalling matter is then prevented from reaching
the proto NS as it hits this outgoing shock wave. The lack of matter reaching
the proto NS itself means that aside from some accretion of the post-shocked
matter, it does not grow significantly. It then can cool rapidly, in ~100 s, to
form a (cold) NS (< 10°K) [150, 151]. It would seem that this outgoing shock
can be linked to the explosion seen during a SN. Current theory, however,
suggests that the energy within the shock is rapidly lost through photodis-
sociation of atomic nuclei into nucleons, and through neutrino losses in the
post shock region, causing the shock to stall. Since type IIb SN are well doc-
umented, there is clearly some mechanism through which the shock wave is
revived. The causes of this are not yet completely understood. For a review
the overall SN procedure see e.g. [103] and the possible mechanisms by which
the shock is revived are found in e.g. [151].

For a sufficiently massive progenitor star, the accretion onto the proto NS

can reach a point where even neutron degeneracy pressure is no longer suf-
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ficient to prevent further collapse. At this point it is believed that a BH is
formed. This can either occur as a result of mass accreted onto the proto NS,
or, in the most extreme cases, directly as a result of the collapse. In these
cases a SN is still observed, since the infalling matter will still bounce off the
core when it has become degenerate, but before the BH is formed. We expect
this to happen for stars with masses above ~ 25 to ~ 100M,, with the com-
position of the progenitor star in this mass range playing an important role in
determining whether a BH is formed [111, 177].

In this thesis we focus on NSs in the absence of e.g. further accretion from a
partner star in a binary system, and hence can be considered to have reached
some equilibrium configuration. In order to understand the behaviour of these
objects we must consider the internal structure and common features of such
NSs. The precise composition of a NS is then dependent on both the conditions
in which it was formed, e.g. the mass and the composition of the progenitor
star and the model assumed for the interior matter. Typically we expect that
NSs in some equilibrium configuration will have several distinct regions: the

inner core, outer core, crust, envelope (or ocean) and the atmosphere [87, 119].

The outer layers

The two outer layers - the atmosphere and the envelope - are very thin, with
depths of ~ lcm and ~ 10 — 100m respectively. The atmosphere of a NS
can be directly observed through x-ray emission. It is expected that the at-
mosphere is composed of the lightest element available (typically hydrogen),
which can be accreted from the interstellar medium or from the SN remnant.
Heavier elements then ‘sink’ into the deeper layers in the envelope [8]. This
lightest element then forms either a true (gaseous) atmosphere, or a solid or
liquid surface, dependent on the temperature of the NS [218]. It is this region
which dictates the emission spectrum from the actual NS, although there is
a further contribution from the magnetic field. As a result, the atmosphere
provides much of the information about the NS. The temperature of the sur-
face is directly calculated through this emission, and further information can

be inferred e.g. mass and radius [87]. The internal temperature profile of the
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NS can also be inferred from these observations if we understand the processes
through which a NS cools and either know, or can infer, its age.

In the envelope, the density is sufficient that electrons can no longer remain
bound to nuclei. Here a fluid region is formed (hence the alternative name,
the ocean) consisting of these nuclei and electrons. The envelope then plays a

major role in determining how a NS cools [84].

The crust

The crust of a neutron star has a depth of ~ 1km, and is often split into
subregions, namely the inner and outer crust. A common feature of these
subregions is the presence of neutron rich nuclei bound in a crystal lattice
structure [29]. In the outer crust it is this lattice which, along with free elec-
trons, forms the primary component of the crust. At a depth of ~ 300m, and

3 we move to the inner crust [87]. At these densities,

a density ~ 10'g cm™
we approach neutron drip density, where neutrons start to dissociate from nu-
clei [32]. The lattice structure is then permeated by a neutron fluid, which
for a typical cold NS (with temperature < 10°K), can form a superfluid [173].
We believe that the solid lattice structure of the crust results in it displaying
elastic properties [41, 106].

At the base of the crust, at densities of ~ 10'*g cm ™2, neutrons and protons
can no longer be contained within nuclei. A transition to a uniform neutron
fluid then occurs. Some models include an extended transition region through
which the nuclei move through a variety of structures, becoming increasingly
elongated with greater density, known as the pasta phase [153, 156]. The width
of this phase is then equally model-dependent, but could be present in as much

as a third of the crust.

The inner and outer core

The two core regions of a NS make up the majority of the volume, comprising
all but the last kilometre of the star, and containing up to 99% of the mass.
The outer core consists primarily of a neutron fluid, with protons, electrons
and possibly muons, making up a few percent of the matter [87]. The presence

of this neutron fluid means that, as with the crust, it is believed this region
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has superfluid properties, see e.g. [17, 174]. The presence of the electrons in
this region can also form a superconducting fluid in the outermost regions of
the core [163].

At densities of ~ 5 x 10'*g cm ™ our intuition as to the nature of matter breaks
down. In this region, termed the inner core, there is great uncertainty about
the composition of a NS. At these densities it is possible for particles to exist
that would usually be unstable in free space, or within a nucleus. We expect
that even in the outer core the density may be sufficient for muons to exist,
and there are many further models that have been proposed for the inner core,
see e.g. [30, 209]. One of the most favoured possibilities for exotic matter
is the existence of hyperons. These are hadrons which contain at least one
strange quark (instead of being composed entirely of up and down quarks).
These particles (denoted A, ¥ and Z in order of ascending mass) would lead
to a more compact NS if they are present, and hence accurate measurements
of mass and radius, as well as GW information (see section 1.3) could lead
to evidence for such a configuration. Other possibilities include a meson core
(particles composed of two quarks), either pions (7~ ) or kaons (K ), or decon-
fined quarks. We currently believe that such meson cores (especially pions) are
unlikely [146]. Finally, it is possible that the presence of quark matter in the
inner core could then trigger a phase transition throughout much of the star,

causing the entire core to be predominantly composed of such matter [120].

The internal regions of a NS, along with some of the structure within these
regions, are illustrated in figure 1.2. The various transition structures of the
pasta phase are illustrated, showing the transition from the crystal lattice of
nuclei to the homogeneous neutron fluid. Also highlighted are vortices within
the inner crust and outer core, expected to exist in the neutron superfluid [17,
186]. Figure 1.3 shows some of the theorised models for the inner core of a
NS. Various models for a quark core star and a strange star (for which a phase

transition has resulted in quark matter throughout the star) are listed.
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Figure 1.2: Illustrating the possible regions present within a NS. Some ad-
ditional features of the NS are included. The crust lattice permeated by su-
perfluid (the lower left inset), the pasta phase transition between the crust
(the upper inset) and the core and the superfluid /superconducting outer core
region are also shown (the lower right inset). Source: http://www.astroscu.
unam.mx/neutrones/dany.html
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Figure 1.3: A figure detailing some of the models for the inner core of a NS.
Source: http://www-rohan.sdsu.edu/~fweber.

External features

In addition to information about the interior of NSs, observations reveal much
about the general external behaviour of these objects. From the onset of NS
observations it was apparent that these objects rotate very rapidly, with the
first measured pulsar having a period of 1.337s [96]. Since these initial mea-
surements, rotational periods from ~ 10s to ~ lms have been observed [120].
For all but the most rapidly rotating NSs, this rotation rate arises directly from
the conservation of angular momentum in the contracting core of the progen-
itor star during SN. This is not the case for the rapidly rotating millisecond
pulsars. It is expected that they are in some accreting binary system, and this

results in spinning up of the pulsar, see e.g. [213].

In has also been observed that NSs have very strong magnetic fields, with sur-

face fields of ~ 10™G. These fields can be inferred from measurements of the
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rotational period, and the rate of decrease of the period (a rotating magnetic
dipole has been shown experimentally to be subject to loss of energy). It should
be noted that the estimates for magnetic fields are subject to large (orders of
magnitude) uncertainties based on poorly known quantities, such as the age of
the NS. It is this magnetic field that leads to the electromagnetically ‘beamed’
emission that we detect as pulsars, through acceleration of protons and elec-
trons on the NSs surface [108]. A class of NSs with even stronger magnetic
fields, up to ~ 10'°G, termed magnetars, have also been identified [60, 152].
The magnetic field of NSs are still far from fully understood with many open
questions, such as whether it penetrates the core. Therefore the theory of
these fields, and observations of phenomena associated with magnetic fields,

are very active fields of research.

A complete model

It is clear that an accurate model of a NS will need to take many (or all)
of the features discussed in this section into account. Practically this is not
a simple task since neither the full behaviour, nor the composition, of these
regions is completely understood. We can describe the regions within a NS with
some accuracy through an equation of state (EOS) which effectively describes
the microphysical aspects of the matter being modelled in a macrophysical
manner. This would then allow us to investigate behaviour of the entire star.
We would expect, therefore, that this EOS (in some manner) represents the
various regions at the appropriate densities. The choice of EOS that we use in
this thesis is discussed in section 2.3. Ideally we need to include rotation and
magnetic fields within the model too. Qualitatively many of the properties of
a non-rotating NS are also present for rotating models (e.g. maximum mass
and internal structure). We therefore treat NSs in this thesis as non-rotating
(and hence spherically-symmetric) objects. It has also been shown that, with
the exception of very strong magnetic fields, there are many cases in which
they do not have a large effect on NS behaviour (see e.g. [72]), therefore we

will model NSs without magnetic fields in this thesis.
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1.3 Gravitational waves from neutron stars

One of the key predictions of GR is that asymmetric bodies will radiate gravi-
tationally. These GWs are exceptionally weak. The effect of a wave is expected
to have a maximum effect of approximately 1 part in 10%'. As a result no di-
rect GW detection has yet been made. The greatest chances of detectable
GWs arise from situations in which the largest GWs will be produced, i.e. in
the strongest gravitational fields. It is not surprising that NSs fall into this
category and the (comparatively) common nature of these stars , compared to
the even more compact BHs, makes them very promising sources for the first
direct GW detection. Any scenario which leads to an asymmetric structure,
and hence a mass quadrupole in a NS, or in the external structure of a system,
will release (potentially detectable) GWs. Here we consider some of the key

GW release mechanisms, more details can be found in e.g. [15].

Mountains

The rapid rotation of NSs discussed in the previous section results in these
objects being close to perfectly axisymmetric. If a rotating NS has even a
slight asymmetric deformation, however, then this will result in the release of
GWs. These deformations are typically referred to as mountains, though the
size of NSs means that for a mountain to have a noticeable GW signature, it
may need to be only a few millimetres high. Such mountains can be formed
through strains within the crust, as a result of accretion, or even due to effects
of the magnetic field. The magnitude of the GWs will obviously be dependent
on the size of these mountains, and this in turn is dependent on the composition
of the NS. For example, a mountain on the crust is dependent on the maximum
strain the crust can sustain before it ‘breaks’ and the star returns to a more
axisymmetric configuration. For these deformations it has been suggested that
the maximum supported mountain will result in the NS having an ellipticity of
~ 107° [93, 97]. Although the NS can support this maximum, there is still an
issue as to whether mechanisms that lead to the formation of mountains could
achieve ellipticities this large. It may be that accretion, which would lead to
obvious deformations, is the best candidate for this, but the complex nature
of accretion means there is currently a lack of satisfactory models quantifying
these effects [15].
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Neutron star instabilities

Any oscillation of a NS interior which causes the structure to deviate from
axisymmetry will lead to some GW production. If there is some unstable be-
haviour which excites these oscillations significantly then there is a possibility
that the GW signal will be significantly large that we have a chance of de-
tecting it. NSs can experience a wide range of instabilities, many of which are
associated with unstable modes of oscillation: a comprehensive description of
these instabilities is presented in [13]. Modelling these instabilities requires
an accurate description of the interior structure of a NS. Currently there is
a number of promising mechanisms for producing GWs, but further work is
required to quantify the expected wavesignal [15].

Detection of GWs from these oscillations will allow insight into the inte-
rior structure of NSs. Since the structure of a NS will provide constraints on
these oscillations, or when instabilities become apparent, this GW asteroseis-
mology will allow for the testing of various models [16, 30]. In order for the
NS to actually emit any GWs, some behaviour which excites these instabil-
ities must occur. Various methods by which this can happen are proposed
based on observational data, with one prominent example being NS glitches.
Observations of the rotational rate of pulsars show an expected slow decrease
in angular frequency due to loss of angular momentum through e.g. magnetic
torque and maybe GWs. Some observations have also shown that occasionally
the frequency suddenly jumps; this phenomena is generally referred to as a
glitch [112, 132]. It is thought that glitches occur when the angular momen-
tum from vortices within the superfluid region of a NS, shown in figure 1.2, is
transferred to the entire star. Mechanisms through which this transfer occurs
are described in e.g. [124, 170, 208].

Precession

If the rotational axis of a NS is not aligned with the axis of symmetry (as-
suming an otherwise axisymmetric NS), then this can be seen as a ‘wobble’
known as free precession. This occurs in order for the star to conserve angular
momentum [105]. The energy of this precession will be dissipated within the
star as thermal energy, with some of the damping also manifesting itself as
GWs [105, 219]. Evidence for precessing NSs may exist, [189], although the
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number of precessing stars is not as high as may be expected. It has been
suggested that this could be due to the interior behaviour of a NS as detailed
in e.g. [74, 75]. The actual mechanisms which will lead to precession are also
not fully understood. It is however believed that behaviour such as glitches

may be one such method by which precession can be induced [105].

Core collapse supernova

The formation of a NS through a core collapse SN is, by its nature, a violent
event involving matter at very high densities, and therefore a promising source
of GW emission. There are many stages of a SN that can lead to the asym-
metric behaviour required for GW emission. One such situation is the revival
of the stalled shock. It is expected that this will be a highly non-linear event,
since it it is believed (and observed in computational simulations) that the
stalled shock experiences an instability, the standing accretion shock instabil-
ity (SASI) [151]. In addition to this, GWs may be produced from asymmetries
in rotational instabilities during collapse, core bounce, convection behind the
shock or from pulsations in the proto NS [111].

In order to gain a more complete insight into the processes that occur
during SN, and understand how e.g. the stalled shock is revived, it would be
desirable to obtain observational data from within the collapsing core. Al-
though observations of the progenitor star and the SN remnant yield some
useful information, the opacity of the matter surrounding the SN means that
electromagnetic observations are ruled out as a means of probing the core be-
haviour. GWs and neutrinos can, however, pass through matter with almost
no interaction, and therefore they could reveal information about the condi-
tions within the core of a star during SN. In a SN as much as 99% of the energy
is carried away though neutrino losses, with these neutrinos actually observed
in SN1987a [33, 203]. At this time, the detections were not significant enough
to determine the behaviour in the core of this SN.

The signature of detected GWs and neutrinos is dependent on the model
used to model the behaviour that occurs during SN [55]. As an example,
there are currently three favoured models which could explain the revival of
the stalled shock. Firstly it is possible that there is neutrino heating of the

shock [103]. Alternatively magnetic fields could transfer rotational energy
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from the proto NS to the stalled shock [144]. Finally an acoustic method has
been proposed where shocked sound waves from g-mode oscillations in the core

transfer energy to the stalled shock [36].

Binary inspiral

When any two bodies are in orbit there is a very small fraction of the angular
momentum of the system lost continuously through GWs. In the case of
compact objects (white dwarfs, NSs and BHs), this loss can be sufficient for
these objects to inspiral and eventually merge on a timescale such that we
could expect to observe these events. It is believed that short gamma-ray
bursts are such observations of (distant) compact binary mergers [139].

In the case of white dwarf mergers, it is the GW signal from the final
stages of inspiral that is most prominent [100]. For binaries involving BHs or
NSs, we would, however, not only expect strong GW emission from the late
stages of the inspiral but also from the merger itself and possibly from the
post-merger behaviour, the ringdown. Compared to other sources of GWs,
the emission mechanism for compact binaries is well understood, since there is
significantly less dependence on the internal composition of the objects. It is
therefore possible, for the inspiral phase in particular, for accurate waveforms
to be obtained.

For binary BH systems, the full waveforms for the merger and ringdown
phases can also be calculated. The violent non-linear behaviour of the system
at merger makes computer simulations a necessity. Through these simulations
it is possible to obtain exact waveforms to very high accuracy. These simula-
tions, pioneered in [160], can now cover a wide parameter space for comparable
mass (a mass ratio M;/M, < 10) BH binaries [79, 88]. Alternatively, at the
centres of galaxies, extreme mass ratio inspirals exist, in which a small stellar
BH is inspiralling into a supermassive galactic BH. In such cases we typically
have a mass ratio of M;/M, > 10°. Here GW calculations rely on a perturba-
tive approach, with a review given in [27]. For mergers that fall within these
two mass ranges, perturbative methods are generally unable to provide the
necessary accuracy, whilst there is insufficient computational power to provide
simulations in full GR, see e.g. [11].

For binaries involving NSs (either BHNS or NSNS) the waveforms are de-



CHAPTER 1. INTRODUCTION 16

pendent on the parameters of the NSs (e.g. mass and composition) [24]. Exact
calculations are therefore not feasible, but once a model for the NSs has been
selected, computer simulations can still be undertaken. For the BHNS case, it
is not surprising that many of the features of the merger are found to be similar
to those in the BHBH case. The merger results in almost all of the NS matter
accreted onto the BH, with maybe a small fraction remaining in some disk
structure around the BH [64, 183]. In the NSNS case the final outcome of the
merger is again believed to be a BH in almost all cases. In this case, however,
the collapse of the merged object to this BH is not necessarily immediate. For
some NSs, a massive (unstable) merged object can exist temporarily before a
delayed collapse occurs [23]. The current status of the field of NSNS inspiral
simulations is detailed in section 1.4.1, where we consider effects of different

parameters in the NS models.

1.3.1 Gravitational wave detection

The inherently weak nature of GWs means that they currently have not yet
been directly detected. In contrast, indirect evidence for GWs has been ob-
served. As detailed above, compact binaries inspiral due to angular momentum
losses through GWs. This decreases the orbital period of the binary system,
an effect which can be measured. The first such measurement came from the
binary pulsar PSR1913+16 (the Hulse-Taylor pulsar), showing an excellent
agreement with the predictions of GR [197]. This has since been augmented

with measurements of the inspiral in other binary systems.

Despite this indirect evidence for GWs, direct detection is desirable for a full
confirmation of the predictions of GR. In the 1960s with Weber made the
first efforts to observe GWs using the first bar detectors [211]. Despite early
optimism ([212]), these bar detectors could not reach sufficient sensitivity for
any reliable GW detection. Instead it is now possible to exceed the sensitivity
of bar detectors by many orders of magnitude using laser interferometers, and
as such, almost all current (and future) efforts to detect GWs are concentrated
on such interferometers.

Attempts to detect GWs are conducted by measuring how they move sus-

pended test masses, insulated (as well as possible) against other interference.
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Laser interferometers consist of two perpendicular arms, with lengths of up to
4km and with two mirrors (the test masses) suspended at either end. A laser
beam is then fired between the mirrors, and the effects of a passing GW on the
spacetime will be apparent through a phase difference between the two laser
beams when they arrive at a final detector.

Current laser interferometers are the LIGO detectors (two 4km and one
2km detectors) [7], the 3km VIRGO detector [40], and the smaller 600m
GEO and 300m TAMA detectors [130, 204]. The larger detectors (LIGO and
VIRGO) can detect finer movement of the test masses, and hence smaller ef-
fects of GWs and are the most likely to yield detection results. The smaller
GEO and TAMA detectors are primarily test-beds for technological develop-
ments, but can also be used when the larger detectors are offline providing
cover primarily in the case of a large galactic event occurring. Both the LIGO
and VIRGO detectors have achieved their design sensitivities (each at a level
of 107" m/v/Hz) [2, 4, 5], and upgrades to even more sensitive detectors,
advanced LIGO and VIRGO+, are currently under construction (second gen-
eration ground-based detectors) aiming for an order of magnitude improvement
in the sensitivity [172]. Beyond that a third generation ground based detector,
the Einstein Telescope (ET) has also been proposed with a further one to two

orders of magnitude increase in sensitivity [1].

Even with the sensitivity of current detectors, the direct detection of GWs
remains elusive. We are, however, still able to make some predictions as to
how likely it is that these detectors (and the future generations) will make
a detection. We can measure this likelihood based on, for a specific type of
event, the maximum distance for which we would expect to see the GWs of the
event (those listed at the beginning of this section). Considering the amount
of such events we would expect to see within this distance, we can then obtain
an event rate for a given detector. Many of the phenomena associated with
the interiors of NSs (e.g. for waves from NS glitches) are too small to allow for
GW detection even with third generation detectors [187]. SN and particularly
binary merger, however, offer more promising sources of GWs.

Galactic SN would offer an excellent potential source of GWs, but with
only one such event every ~ 30 — 100 years, a lot of luck is required for such

an observation. With the third generation detectors, the observable distance
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makes for more reliable rates, though even these may not be more that 0.5 per
year [18, 150].

By far the most promising source of GWs, with achievable detection rates
for at least the second generation detectors, are NSNS binary inspirals. Here,
we might expect ~ 10 — 100 detections per year [15, 110]. BHNS and BHBS
inspirals also offer strong potentially detectable signals, however, these events
are significantly rarer that NSNS binaries (due to the high mass progenitors for
BHs being rarer themselves), and as a result the event rates are significantly

lower.

So far we have only considered the mechanisms by which GWs will reach the
detectors. In addition to this, the actual task of extracting GW signatures
from the data collected by the interferometer data is by no means trivial. The
weak nature of these signals results in them only being discernible amongst
the detector noise and other terrestrial noise sources through careful statisti-
cal analysis. The quantity of data that can is collected, combined with the
frequency range of expected GW signals, mean that for practical purposes,
this analysis must be as efficient as possible. The best chance of successful
detection relies on the availability of accurate templates of the expected wave-
forms. The interferometer data can then be searched for these waveforms, a
technique known as matched filtering [95]. Alternative searches for the data
are available: e.g. direct analysis of the waveforms for large amplitude signals.
For more detailed description of data analysis see e.g. [172].

The lack of GW signals means that if we desire to test whether these
data analysis techniques can detect waveforms we must use artificially created
data. This has been the goal of the Numerical INJection Analysis (NINJA)
project [20, 38]. This project initially used the expected signals for BH binary
inspirals, injected into (unrealistic) detector noise, for use in the data analysis
pipelines. Attempts to use more realistic detector noise, and to use NSNS
inspiral data are underway.

The success of data analysis pipelines, such as the matched filtering tech-
niques, requires accurate templates of the expected GW signal to be available.
We must therefore have some method to obtain this signal from the GW re-
lease mechanisms detailed at the beginning of this section. More explicitly, we

should solve the Einstein equations and matter evolution equations for these
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scenarios and extract the GWs from some region suitably far from the source.
This is not a trivial task; the equations form a coupled system in which non-
linear behaviour is often expected to form. In order to obtain an accurate
solution to such a system we require computational simulations (such as the
inspiral simulations mentioned at the start of this section). We must therefore
be able to express the Einstein equations, and the relativistic matter evolution
equations, in a manner that allows these simulations to be carried out, this
field is known as numerical relativity (NR). Since the exact details of a NS
interior are unknown we must also use some approximate model which con-
tains (to some degree of accuracy) all of the features we wish to use in the
simulation. We now consider how such a model can be obtained. It should be
noted that full GR is not always necessary for an accurate waveform, in some
cases, where non-linear behaviour is not expected; the post-Newtonian (PN)

approximation can give suitable GW data.

1.4 Modelling a neutron star

Before undertaking any numerical simulation of a NS, we must make choices
(and assumptions) about how the star is modelled. These choices are, in
part, based on the behaviour we wish to model (e.g. fast rotation rates, strong
magnetic fields or hyperons in the inner core) and on unknown factors in the
models (e.g. the extent of a nuclear pasta region or magnetic fields within
the core). These choices will also be heavily influenced by the computational
demands of the problem being considered. Effectively there must be some
‘trade-off” between the accuracy of the model and the computational resources
required for the simulation.

Whenever any properties of a physical system are evaluated numerically,
the system must be discretised to some extent (both in space and time for a
dynamical system). The smaller the length of the discretisation, the better
the accuracy obtained from the simulation. Note that increases in accuracy
are not automatically guaranteed from decreasing the length of the discretisa-
tion. The methods used for the simulation must be chosen carefully to ensure
that this is possible (see chapter 3 for further information). However, any

decrease in the size of the discretisation does lead directly to an increase in
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the computational cost of the simulation. For a system to emit GWs it must
be asymmetric, and therefore the computational simulation must be carried
out in three spatial dimensions. This means that by halving the level of dis-
cretisation, the computational requirements for the simulation increase by a
factor of 23. Additionally the discretisation time must also be decreased by
this same factor, leading to a total factor of 2* increase in the computational
requirements. Therefore for practical situations, the microphysics of the dif-
ferent regions of the NS, and the behaviour at the transitions between these
regions cannot be incorporated into a system that requires the evolution of the
entire NS over timescales such as those required for merger simulations.

It should be noted that it is not always necessary for the discretisation of
a system to be uniform. We might consider decreasing the level of discretisa-
tion only where some feature changes on small lengthscales. This can even be
achieved dynamically (if such features are expected to move during the sim-
ulation) using techniques such as adaptive mesh refinement [31]. Even using
these advanced techniques, the computational requirements will still increase

dramatically as the accuracy of the solutions obtained is increased.

We now consider some of the assumptions that go into modelling an entire NS
for numerical simulations. We need some system of equations which describes
how the matter within the star evolves over time. The extreme densities within
a NS mean that for all but the finest scales, it is a valid assumption to treat the
matter as a continuum. Furthermore, as described in section 1.2, it is believed
that much of the NS interior is a fluid. We assume, therefore, that the NS
can be modelled using some system of hydrodynamical evolution equations.
If necessary, such a model can be extended to include e.g. an elastic crust or
solid core.

If we were to model a hydrodynamical system using Newtonian physics
then the Navier-Stokes equations would be an obvious choice for the evolution
equations. These are a system of non-linear evolution equations for a viscous
fluid allowing for the inclusion of external forces, such as gravity. For mod-
elling a NS, however, we must use GR, and ideally we need an extension of the
Navier-Stokes equations to incorporate relativistic effects. Attempts at such
an extension have been made, [101, 114, 155], but currently there is no single

generally accepted form. The issue with these extensions is there is a possible
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violation of causality in the propagation of viscous forces and heat flow [214].
It is, however, often assumed that the viscous effects in a NS are less important
in determining short term behaviour than e.g. pressure gradients. As a result
these terms can be neglected in many cases such as NSNS mergers. In New-
tonian physics, for this inviscid, or perfect, fluid the Navier-Stokes equations
reduce to the Euler equations. These equations can be extended to relativistic
hydrodynamics and as such are the natural choice for use in NSs [201]. In
addition to this, the effects of magnetic fields can also be included within the
model, see [69] for a review.

The Euler equations, both in their original Newtonian form and under the
relativistic extension, do not form a complete set of equations. There is a
degree of freedom remaining, and this allows the type of fluid being modelled
to be constrained: e.g. we need to be able to differentiate whether water or a
neutron fluid is being used. This is achieved through the EOS which, as men-
tioned in section 1.2, effectively encompasses the microphysical behaviour of
the fluid as a global property. The requirements of an EOS, and some specific

choices are considered in detail in section 2.3.

1.4.1 Current neutron star simulations

Computational simulations have been carried out for many of the mechanisms
for producing GWs listed in section 1.3. These simulations have considered
oscillation modes [115, 154], glitches [187], core collapse SNe [150] and NSNS
binary merger [23, 24, 65]. In this thesis we are interested in developing nu-
merical techniques for simulations involving NSs initially in, or close to, some
equilibrium configuration and where the entire star is modelled. One major
area for which these techniques are applicable is NSNS binary mergers. We

therefore consider the current status of these simulations in more detail.

For the majority of a NSNS inspiral, the system is in a quasi-equilibrium state
with angular momentum being lost through GW radiation, this can be mod-
elled satisfactorily through a PN approximation [35]. Once the GW timescale
becomes comparable to the dynamical timescale of the system, the PN ap-

proximation is no longer sufficient. Beyond this point a numerical solution in
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full GR is required for an accurate description of the behaviour of the two ob-
jects [65]. Tt is this stage of the event that is most likely to produce detectable
GWs, and therefore must be modelled accurately to obtain a suitable waves-
ignal. In general we require some simulation using NR to describe at least the
last few orbits of the inspiral, the merger itself and the eventual collapse to
BH. If there are sufficient orbits included in the NR simulation, then there will
be some overlap with the PN quasi-equilibrium solution in the region where
this approximation is still valid. This allows the GW signals from the two so-
lutions to be matched in this region, giving a full description of the waveform
of the merger.

In order to undertake a NR simulation of a merger, some initial data for
the two NSs in quasi-equilibrium orbits must be provided. This is not a trivial
task, see e.g. [47, 83] which describes how this initial data can be formulated,
and e.g. the Meudon group’s work, in which this is implemented using the
Lorene code [3, 194]. To this end, a variety of initial configurations for merger
simulations have been formulated, with varying initial separations, masses and
EOSs. At the beginning of any simulation using such quasi-equilibrium initial
data, there will be some artificial error as it ‘settles’ into the inspiral orbits.
This is then recorded as a burst of junk radiation in the GW signal from the
simulation. The matching of the signal to the PN waveform can again be used

here, allowing this junk radiation to be identified and removed.

It is, in fact, only comparatively recently that the computational requirements
became available for a NR simulation of a few inspiral orbits, merger and
ringdown. The first NSNS inspiral simulations were produced by Shibata et
al. [182]. These, along with other early simulations ([12, 23, 216]) used equal
mass NSs with a simple EOS, the polytropic EOS, described in section 2.3.
Later simulations considered unequal mass NSNS binaries [23, 180]. The re-
sults of these simulations show that the larger the mass of the system, the
more rapidly the merged object collapses to a BH. As a result, the low-mass
systems produce a longer, noisier GW signal from the merger, and this should
be obvious in any detections of these events. It is clearly apparent, therefore,
how successful GW detection from mergers can give insight into the properties
of the NSs undergoing such events. Further differences arise if the EOS of the

NSs in the simulation varies, as shown by [181, 23]. Here it is seen that if the
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EOS is changed, allowing the temperature within the NSs to change, then the
delayed collapse of the merger object to a BH is observed even for higher mass
systems. EOSs based on nuclear physics have been used in [181, 179], and
some of the most realistic, EOSs currently only available in Newtonian physics
have been implemented through an ‘approximative treatment’ to GR [145].
The simulation of NSNS mergers with magnetic fields has also been consid-
ered [72, 161]. Here it is found that with the exception of very large magnetic
fields (which are not expected to exist during the final merger stages), there is
little difference compared to the non-magnetised cases.

In addition to these scenarios which have currently been investigated, there
is a wide parameter space which may need to be considered in further NSNS
merger simulations. It is likely that energy transport through neutrinos must
be included, with particular relevance for the post-merger object [59]. Addi-
tionally all simulations so far have used only a single component fluid i.e. the
star is described entirely by a single EOS. As we discussed in section 1.2 we
know, however, that NSs have several different interior regions. In order to
develop an accurate model of a NS for use in simulations, we need it to be
able to include these differing regions. It is believed that these regions are
described by different EOSs, therefore we would want our model to also reflect
this. The techniques required to include multiple regions within a NS has been
the focus of this thesis. We present a treatment that allows these features to

be considered, and hence lead to an accurate model of a NS.

1.4.2 Modelling interfaces in a neutron star

Including different regions of a NS in a NR simulation of e.g. a NSNS inspiral
and merger is not a trivial task. Ideally we would want to consider a full model
in which each region (e.g. crust and outer core) is separated by some transition
layer. In this transition layer we would then need to include the microphysics
that describes how the matter changes, such as that shown in the pasta phase.
In many cases, these transition layers will be very thin (e.g. the Ekman layer
which may exist at the crust/core boundary has a width ~ 1 — 10 cm [14]).
At the beginning of this section we highlighted some of the issues associated
with numerical simulations when dealing with features which change on small

lengthscales. The length of the discretisation required for these features is
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in many cases incompatible with the requirements of the overall simulation.
These transition layers are an example of this: in section 3.7.1 we give a
detailed quantitative presentation of the difficulties associated with including
a transition layer within a NS in the context of binary inspiral.

An alternative method for incorporating these different regions into a NS is
to neglect the transition layers and assume there is a genuinely sharp interface
between regions (i.e. the interface has zero width). This does not necessarily
mean that the effects these transition layers have on the matter within the
NS cannot be included in the model. By some suitable choice of boundary
conditions at these sharp interfaces we may hope to reproduce accurately the
behaviour here. In addition to correctly providing the physical conditions at
the interface, we must also take great care with how these are implemented
numerically. Since we are assuming a sharp interface between regions of the NS,
this means that at least some of the variables in the evolution equations will
be discontinuous at this point. Such discontinuities often present difficulties
in numerical simulations, with unphysical errors, such as oscillations, being
introduced. For example, in section 4.1.1 we show some of the issues a naive
implementation of such conditions can have on a numerical simulation. This
implies that we must be very careful with how any boundary conditions are
introduced to model behaviour across interfaces.

Techniques to implement such boundary conditions in Newtonian compu-
tational fluid dynamics CFD have been considered, see e.g. [148]. One such
successfully implemented method is to treat the system in a multicomponent
manner, in which each fluid region (each region which obeys a different EOS)
is treated individually. This allows a final solution to be ‘pieced’ together from
these components. Typically the interface treatment in such multicomponent
models can be considered as being composed of two techniques; one to identify
the location of the interface and one to apply appropriate boundary conditions.

When the location of some sharp feature, such as interfaces in this treat-
ment, is required, then level set methods are frequently used. These have
been applied to such features in both Newtonian CFD [148, 149, 176] and
relativistic situations (such as BH event horizons [53, 199]). Level set meth-
ods can accurately track the location of a sharp feature, and deal naturally
with topological changes in behaviour. Work on boundary conditions in a

multicomponent fluid system has been considered, however, in this case only
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in Newtonian CFD [67, 129]. We therefore offer the first analysis of the via-
bility of extending these methods into relativistic situations. To achieve this
we consider the Ghost Fluid Method, devised for Newtonian CFD by Fedkiw
et al. [67]. This technique has been selected for both comparative simplicity
and the ease in which it can be extended to multidimensional situations with
general EOSs.

Techniques such as the Ghost Fluid Method are required to make some
assumptions of the fluid behaviour around the interface in order to provide
boundary conditions. It is possible that there will be cases in which these are
not applicable to to NSs. Firstly, the evolution of the level set function assumes
that there is no mass transfer across the interface. In a long-scale evolution of
a NS, this may not going to be accurate, matter is expected to move between
regions, particularly in the case of the NS returning to an equilibrium config-
uration after e.g. additional matter is added to the star. However, in many of
the cases we consider, the effects of matter transfer between regions will occur
on a longer timescale than for the dynamic behaviour which is being simulated,
such as if merger is followed by prompt collapse to BH. Therefore we expect
such methods to be useful in a wide range of NS simulations. The Ghost Fluid
Method itself also relies on a constant extrapolation of entropy across the in-
terface. This may also not be the case in some NS simulations, and hence in
these cases we may not obtain the correct behaviour at the interface. How-
ever, if this problem arises, methods, such as those described in section 3.7.5,
deal with cases in which these assumptions are not applicable. The success of
the Ghost Fluid Method in Newtonian CFD, even within complex situations,
suggests that the relativistic extension will be of value to studying interfaces
within NSs.

1.5 Notation and structure

In this work, geometric units (¢ = G = 1) and the renormalisation My = 1
are used throughout (unless otherwise stated) and we use the metric signa-
ture (—1,1,1,1). In tensor components, Greek indices refer to all spacetime
components (u,v,... € {0,1,2,3}) and Latin indices refer to only the spatial

components (i, j,... € {1,2,3}). The Einstein summation convention applies
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to all tensor indices except those in reference to a particular coordinate system
ie {t,z,y,z}or{t,r 6, ¢} where indices represent a specific tensor component.

Approximated quantities, such as those used in approximate Riemann
solvers, or in discretised quantities, are written with a circumflex e.g 4. Dis-
cretised quantities are specified through subscripts i, j, k, . . ., referring to grid
location, and through a superscript n referring to the time at which this dis-

cretisation is made e.g. ;. In chapter 3 we deal with reconstructed quantities,

n
it1/2

The work within this thesis is carried out in the Eulerian frame. There are

which are notated with a bar, e.g. u

several advantages to this, the most important of which is that many of the
techniques devised for modelling sharp interfaces are described in this frame.
Furthermore, when considering multidimensional situations, if a Lagrangian
frame is used, then it is possible for the coordinate grid to become ‘twisted’ due
to e.g. rotational behaviour. Clearly the fixed grid implemented for an Eulerian
implementation of the hydrodynamics evolution equations offers advantages.

The terminology used within this thesis follows many of the standard con-
ventions of the relativistic literature, and certain phrases may differ from those
used in e.g. Newtonian CFD. Therefore it is advantageous to define a few terms
in more detail. When referring to multicomponent fluids, this describes any
case in which an interface is present (i.e. level set methods are being used).
The two (or more) regions which arise based on the zeroes of the level set
function are each termed a component. Across these interfaces we will also
make reference to a ‘jump in the EOS’. This incorporates any case in which
the properties of the fluid either side of the interface change, including if the
parametrisation of the EOS changes. We therefore consider the situation in
which each component of the system is described by the ideal EOS, but each
region has a different value of the parameter 7 (see section 2.3), as containing
a jump in the EOS.

The structure of this thesis is as follows. In chapter 2 we describe the theoret-
ical background required to model fluids in the simplified model of a NS set
out in section 1.4.2. We also consider how initial data for various problems
can be set up. In particular, we show how a stable multicomponent star can
be initialised in section 2.6.1. In chapter 3 we detail the numerical methods

used to solve the fluid (and spacetime) evolution equations. We give special
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attention to the methods for evolving multicomponent fluids in section 3.7.
The results for simulating multicomponent fluids are presented in chapter 4.
Here we demonstrate our relativistic extension of the Ghost Fluid Method in-
troduced in section 1.4.2. We first investigate the method in 141 dimensional
special relativity, and then extend this to general relativity. Work on our rel-
ativistic extension to the Ghost Fluid Method and the results in this section
have been published in [135]. Finally we give some preliminary results for our
multidimensional relativistic Ghost Fluid Method. Conclusions and extensions

to this work are described in chapter 6.



Chapter 2
Theoretical basis

In order to simulate a physical system, we must describe the behaviour at any
point in spacetime through a set of evolution equations, one for each inde-
pendent quantity. In this section, we outline the derivation of such equations
for a perfect fluid and the spacetime containing the fluid. The techniques
used throughout this thesis originate in Newtonian CFD. As a result, we gain
an advantage from first considering the Newtonian evolution equations from
which we construct reference models using these currently existing techniques.
The effects of extending these techniques to relativistic situations will then be

clearer.

2.1 Newtonian fluid evolution equations

In Newtonian hydrodynamics, the Euler equations for the evolution of a per-
fect fluid arise naturally in integral form by considering the conservation of
mass, M, momenta, S (for which there is a component in each coordinate di-
rection), and energy, F, [116, 123]. We detail the derivation for a single spatial
dimension (i.e. we have a single momentum component), but these techniques
extend to multiple dimensions. For simplicity we use Cartesian coordinates
for this calculation, but the results can be obtained in any coordinate system
by use of the appropriate transformations. It is initially assumed that there
are no additional forces acting on the fluid, e.g. no gravity or heat conduction.
As we shall show, these can be included in a more general set of equations in

which these forces balance the conserved quantities exactly.

28
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We first consider conservation of mass. This conservation law states the
change in the mass of fluid within a domain zy < x < xy over time ¢ty <t < t;
is equal to the total mass of fluid which passes through the boundaries of this
domain over the interval At = ¢; —ty. We assume that there is no mass created
or destroyed within the interval Az = x; — z¢ and that the flow across the
boundaries is measured in the positive z-direction. This can be expressed in

integral form as

@1 t1
| ntet) = o wtolldo = = [ (oo (o100 (o1.6) = o (20,00 (o, )]
" v (2.1.1)
where py is the rest mass density, or mass per unit volume, and v the velocity.
Conservation of momentum can be expressed as the change in the total
momentum over Az being equal to the total momentum flow through the
boundaries of Az during At and the change of momentum at these boundaries
due to pressure, p, in this same time interval. In integral form, this conservation

law is

/m S (2, 81) — S (x, to)] dr =

o

- / 1S (21, 8) v (21, 8) — S (z0,8) (20, 1)) dt (2.1.2)

to

t1
- [ et - planp)dr
to

Finally, conservation of energy states that the total change of energy over
Ax is equal to the energy flow though the boundaries of Az plus the overall

energy change due to pressure during At. This has integral form

/9«‘1 |E (z,t1) — E (z,t9)] dz =

Zo

_ / B (e t) v (21, t) — E (20,8) v (20, £)] dt (2.1.3)

to

—/1 [p(21,t) v (21,t) — p (0, 1) v (0, )] dt.

to

The three conservation equations, (2.1.1), (2.1.2) and (2.1.3) form a coupled
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system of equations. We can express this system in terms of a state vector, q,
and flux vector f. This allows the integral conservation equations to be written

as

/zl [q (7, t1) —q(z,ty)]dr = — / 1 [f (z1,1) — £ (20,1)] dt. (2.1.4)

o to

The two vectors introduced above are then given by
q=| S (2.1.5)

and

f=| svrp |. (2.1.6)
(E+p)v

These conserved variables, q, couple through the so-called primitive vari-
ables pg, v, p and specific internal energy ¢, where the momentum and energy

are given by

S = pov, E = po (s + %2) . (2.1.7)
We refer to these as primitive variables since they are often those that are the
easiest to measure directly in a physical system. Additionally they allow for a
more intuitive understanding of the behaviour of a fluid system.

Currently the conservation equations, (2.1.4), do not form a closed set.
There are currently three equations, but four independent quantities, i.e. the
primitive variables py, v, p and €. The system is closed by an additional
equation which describes one of these primitive quantities in terms of the
others, and effectively constrains the type of fluid being considered. This is an
EOS, typically of the form

p=p(po,€)- (2.1.8)

The EOS is dependent on the fluid being modelled. Further details as to the

choice of EOS in this work are in given section 2.3. Once we have an EOS, we



CHAPTER 2. THEORETICAL BASIS 31

can then define a vector of primitive variables, e.g.

w=| v |. (2.1.9)

The most common form in which the conservation equations, (2.1.4), are writ-
ten is not in integral form, but rather as a system of partial differential equa-
tions (PDEs). To see how we can write our integral equations in this form, we

first note that if q is differentiable in time, we have

N,
a(z,t) —qzte) = [ ZXar. (2.1.10)
o, Ot
A similar result is apparent if f is differentiable in space,
of
f(x1,t) — f(z9,t) = a—dx (2.1.11)
x

z0

These two relations can be inserted into the integral equation, (2.1.4), to give

t1 1
/ / 8—qdzfdyc— // —dxdt (2.1.12)

Assuming that the order of integration is reversible, this can then be simplified

to

oq Of
ot or

Note that the constants of integration that arise from this simplification must

=0. (2.1.13)

be zero due to the limits of integration being arbitrary, i.e. the relationship
n (2.1.12) must hold for all values of these limits. This result, for the vectors
q and f given by (2.1.5) and (2.1.6) respectively, is the standard differential
equation form of the Newtonian 141 dimensional Cartesian Euler equations
in conservation form.

The generalisation of this equation, (2.1.13), to multidimensional (Carte-
sian) systems with non-trivial body forces (forces which act on the fluid, e.g.

gravitational potential) can be derived in a similar manner. Such a calculation
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yields
oq Of!
ot * ox’

where z* = {x,y, z}. The state vector, q, is similar to (2.1.5), but now must

=s (2.1.14)

include momentum components for each direction z°, i.e.

w3

(2.1.15)

o)
I
SPRSS

with

S, = poui, E:m<mf?), (2.1.16)

where subscript or superscript ¢ represents the momentum or velocity compo-
nent in the direction z*. There is now also a flux vector f for each direction
2%, given by
gi
Spvt 4 0lp
f'=| S,t+dip |, (2.1.17)
Savt 4+ 0%p
(E +p) o’

where the Kronecker delta,

1 =3

o = : (2.1.18)

0 otherwise

has been used. All body forces are included in the source vector s. Equa-
tion (2.1.14) then gives the full three dimensional Euler equations in Cartesian
coordinates. If s = 0 then (2.1.14) is in conservation form. When non-zero
sources are present, provided they contain no derivatives of the conserved quan-
tities, these equations can be thought of as being in balance law form, since it
is these forces that exactly balance the conserved quantities.

Aside from originating from the intuitive description of fluid behaviour, the

importance in writing the evolution equations in conservation (or balance law)
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form arises when non-linear behaviour is present. The differential equation
form was dependent on the solution being differentiable, which is clearly not
the case for shocks, where the fluid variables jump. This is explored in more

detail in section 3.3.

2.1.1 Spherically symmetric fluid evolution equations

We have so far derived the fluid evolution equations in Cartesian coordinates;
however, in many practical cases this will not be the natural coordinate sys-
tem to use. One case of particular importance to us is the modelling of stars
(e.g. NSs), for which spherical coordinates are a more natural choice. Here we
shall consider the spherically symmetric evolution equations (i.e. in 141 di-
mension with only the radial derivatives non-vanishing). These can be written
in the same form as (2.1.13), but the coordinate transformation results in an

additional source term, (see e.g. [201]),

d Po q S —%Pov

- _ = — 2,502 . 2.1.19

|l S| tg | Sv+e 2 pov ( )
E (E+p)v —2v(E+p)

This form of the equations is not necessarily the most ‘natural’ form, particu-
larly for accurate numerical solutions, since the presence of the 1/r term in s
leads to singular behaviour at the origin. The source terms can, however, be

incorporated into f, giving

00 r2S
L I 25 4 4 —0 (2.1.20)
dt r2dr rev a |l o

E r?(E+p)v 0

This has removed the source terms, and hence, the singular behaviour at r = 0
that would arise from such terms. There is now, however, a 1/r? factor in front

of the flux vector term. The relationship

14, a
r2dr  Td(r3)’

(2.1.21)
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then allows this additional singular term to be removed, and hence we obtain

the so-called ‘natural’ form of the spherically symmetric evolution equations,

00 r2S
4 S +3L 2S +i =0 (2.1.22)
dt d(r?) hor ar | P -

E r?(E+p)v 0

The equations above are still expressed in the absence of body forces, and,
therefore, are not yet suitable for use in describing the evolution of matter
within a star. A source term which incorporates the effects of the gravitational

potential can be added to this natural form, [201],

0
s = —poVO | . (2.1.23)
—povV P

Therefore the evolution equations for a self-gravitating spherically symmetric

fluid in Newtonian physics can be written as

£o r2S 0 0
d S | +3 d 2S + d = Vo
dt d(r3) rev | P £
E r?(E+p)v 0 —pevV @
(2.1.24)
Note that in these spherically symmetric coordinates, we have V = i—f.

2.2 Relativistic fluid evolution equations

In relativistic situations there is a coupling between space and time, and this
must be taken into account when considering the equations that govern a fluid’s
behaviour. We must also consider the effects of Einstein’s General Theory of
Relativity, which describes gravity as the curvature of spacetime. In GR, mat-
ter and energy distort the geometry of spacetime, whilst this distortion then
affects how matter moves. The geometry of the spacetime is described by a 4-
dimensional manifold, M (see e.g. [9, 136, 205]). On M, the invariant distance
between two events is given by a metric, g,,, which is a symmetric tensor. The

structure of this manifold would then be expected to enter equations for the
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evolution of the mass-energy of the system. For simplicity, this mass-energy
is typically referred to as matter. Similarly, the evolution of the spacetime
manifold would then is also expected to be dependent on the matter.

In GR the density and flux of matter is described through the stress-energy
tensor T),,,. Since in this thesis we consider only perfect fluids, we will deal

with a stress-energy tensor of the form
T, = pohu,uy, + pgu (2.2.1)

where pg is the rest-mass density of the fluid, h the specific enthalpy, u, the
covariant 4-velocity and p the pressure. The 4-velocity of a particle in GR is

defined by
dat

m
u _— ——
dr

where 7 is proper time and x* is the coordinate position of the particle. The

(2.2.2)

specific enthalpy for a relativistic fluid is given by

h=1+ec+2 (2.2.3)
Po
where (as in Newtonian physics) € is the specific internal energy of the fluid.
We also have a covariant derivative, V,, associated with the metric g,,,,, such

that V,g,, = 0. For an arbitrary tensor S**-#  the covariant derivative

1

is given by
vasm...ukylmyl _ aasm...ykylmyl + Fg; S/Bmukul.ul/z —+ ...
+ FZZ Smmuk_lﬂmu.w - Fia Smm#kﬂmw (2'2'4)
N 1B M1k
ce Fula S vy 18°

Here 0, is a partial derivative and I'%; | are connection coefficients, or Christoffel

symbols, which are given by

1
Fllfoz = 59115 (aozguﬁ + augaﬁ - aﬁgua) . (225)

The presence of the metric terms in the covariant derivative mean that the
curvature of spacetime will effect the evolution of a fluid. In addition to this

it is already evident that the spacetime will enter the description of matter
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through the stress-energy tensor (2.2.1).

The curvature of an arbitrary manifold is given by the Riemann tensor, R* 4

and can be given in terms of the Christoffel symbols through

R s = 0aTl 5 — 0T 0 + T — ThoT . (2.2.6)

Contractions of the Riemann tensor can also be defined, with the Ricci tensor

given by
R, =R, (2.2.7)
and the Ricci scalar by
R=RK, (2.2.8)

The curvature of spacetime (which is subject to various simplifications from
a general 4-dimensional manifold, see e.g. [136, 177]) can then be described

through the Einstein tensor, G,,. This is given by

1
Gp,u = R,uzz - §g,u,uR~ (229)

The manner in which the matter distorts the spacetime is then given by the
Einstein equations,

G = 87T, (2.2.10)

Due to the symmetric nature of both the Einstein tensor and the perfect fluid

stress-energy tensor, this is a system of 10 coupled PDEs.

As with Newtonian physics, the matter evolution equations are based on locally
conserved quantities. In GR these quantities are baryon number, the flow of
which is given by pou*, and stress-energy, T"”. These have analogies in a
Newtonian fluid; the former of these can be compared to conservation of mass
and the latter incorporates the conservation of momentum and energy. For a
vector, F', which represents the flux of some conserved quantity through the

boundaries of a hypersurface ¥, this can be represented in integral form as

fF ‘n d¥ =0, (2.2.11)

P
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where n is the unit-normal of the surface ». This result also holds for each
free index of a conserved tensor quantity (e.g. T*"). Effectively we have stated
that there is no transfer of matter through the boundaries of 3. We can then

apply Gauss’ theorem to this result to give

/(v F) dV =0 (2.2.12)

where V' is the spacetime volume bounded by Y. This is a generalisation of the
result given in (2.1.13) where the integral equations for a vector of conserved
quantities, u, can now be written as a system of PDEs. In this general case

we have
V,Ft=0 (2.2.13)

where, for a relativistic fluid we have the conserved quantities as described
above, pout and T"”. Note that the constants of integration will also vanish
in this case, as described in section 2.1. The conservation equations are then

often written as the conservation of baryon number,
V. (pout) =0, (2.2.14)
and conservation of stress-energy,

v, " = 0. (2.2.15)

The coupled nature of space and time means interpreting any solutions of the
conservation and Einstein equations is not necessarily intuitive. Furthermore
the ‘natural’ 4-dimensional geometric form of the equations is often not suit-
able for use in a numerical simulations of relativistic fluid evolution. Since
most physically relevant situations do not have analytic solutions, these nu-
merical simulations are often essential. It is, therefore, useful to consider a
decomposition of the 4-dimensional manifold, M, and hence of the Einstein
and evolution equations. Typically a ‘3+1" formalism used, a decomposition
of M into 3 ‘spatial’ dimensions and one ‘time’ dimension. The first such
3+1 formalism was the Arnowitt-Deser-Misner (ADM) formalism [19], and
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the derivation given here is based on the reformulation of York [217], with the

applications to fluid evolution equations are based on e.g. [44, 140, 142].

2.2.1 3+1 decomposition of the Einstein equations

Here we outline some of the major features and results from making a 341
decomposition of the Einstein equations. Full details of this calculation are in
appendix A.1. To make a 3+1 decomposition of the spacetime, M, we foliate
it into a set of spacelike hypersurfaces, >, which are level surfaces of a scalar
field, 7, interpreted as some ‘time’ function. These hypersurfaces are then

described locally by a closed dual-vector field, €2, where
Q, =V, (2.2.16)
The norm of this dual-vector field is then defined to be
9,0, = —a?, (2.2.17)

where « is a scalar function, known as the lapse function. The lapse can be
thought of as a measure of the perpendicular distance between spacetime slices

>-. From this, a unit-normal dual-vector field, n,, can be constructed,
n, = —afl,. (2.2.18)

The sign of this dual-vector is chosen such that the normal vector n* is future
pointing. This normal vector then acts as a projection operator so that the

contraction of a tensor with n* will give its timelike components.

We can also define a projection operator which, when used in the contraction

of a tensor, gives the spacelike components. This projection tensor is given by
1" =6 4+ ntn,. (2.2.19)

If we have an arbitrary tensor SH1#2-Hk then we define L to be the

viva...vp)
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spatial projection of every index of this tensor,

H1H2.. | 12 M 51 B2 B Qroe...op
18 ivs. =1m, L vy 1 akJ_ L by e L ” 51 By

(2.2.20)

A tensor projected in such a manner is referred to as a spatial tensor.

From these projections we can define the metric on the hypersurfaces, the

spatial metric, 7, through the projection of the full metric L g,,,

Vv = Guv + Npny. (2.2.21)
We also have the contravariant form of this metric,

Y = g"" +nfn”. (2.2.22)

Similarly we can define the spatial covariant derivative operator, D,, in the
obvious manner

D,=LV,. (2.2.23)

The intrinsic curvature of any spacelike slice can be defined through the spa-
tial Riemann tensor, G)R* vagr Which is the Riemann tensor associated with
Yuw- This can be defined in an analogous manner to the full Riemann tensor,
through its action on an arbitrary spatial dual-vector w,,,

(DD, — D,D,) we =R, ws. (2.2.24)
As with its 4-dimensional counterpart, we can define a 3-dimensional Ricci
tensor and Ricci scalar,

®R,, =®R* B =CIpr . (2.2.25)

pows

The intrinsic curvature gives a description of the curvature within a slice 3,,
but we also need to define how these slices are embedded in the 4-dimensional

spacetime. This is done through the extrinsic curvature tensor, a symmetric
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tensor given by
K, =—1V,n,. (2.2.26)

nv

The extrinsic curvature can also be defined through a Lie-derivative of the

spatial metric along the normal vector field,

1 1
K/U/ = —E,Cn’yw/ = —5 1 'Cngl“/' (2227)

The 341 decomposition of a tensor effectively splits it into timelike and space-
like components. For reference, the 3+1 decomposition of an arbitrary sym-

metric tensor g, 18
O =L op =200 L 0yyn +nunyong (2.2.28)

where an index n represents a contraction with n*. It is convention that

a contraction with n, introduces a minus sign, i.e. for arbitrary vector w*,
o B

W' = —whn,,.

When considering the 3+1 decomposition of the stress-energy tensor, 7},

the projections are defined as

0= Tﬁﬁ = Wn“n”, (2229&)
=L T = — 1 (T"n,), (2.2.29b)
¢, =1T,. (2.2.29¢)

These projections then have the physical interpretation of the local energy
density, o, and momentum density, j#, and the local stress-energy tensor mea-

sured by observers moving along n*, €,,.

In order to obtain a 3+1 form of the Einstein equations, since we wish to
express the derivatives of quantities in terms of spatial and time derivatives, it
is necessary to specify a vector along which we compute these time derivatives.

In section (A.1.3) we justify the natural choice of vector for this is

t = N* + ", (2.2.30)
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Figure 2.1: Showing how the vector t* describes the movement between two
spacetime slices. The normal, an*, and tangential, 3*, components are also
shown.

where N* = an* and (" is an arbitrary spatial vector, the shift vector. This
generalised vector, and how it relates to movement between the spacetime
slices, is shown in figure 2.1.

From the generalised vector field, t#, the full line element for the 341

decomposition, as used in [9, 142], can be given as,
ds* = — (o® — 3if") dt* + 23;dz’dt + v;;da’dar’. (2.2.31)

and in this case, we have normal vector

b — (l, —ﬁ—iy (2.2.32)

(0% «

and its dual-vector
n, = (—a,0,0,0). (2.2.33)

The contractions involved in making the 3+1 decomposition of the Einstein
equations, (2.2.10), along with the definition of the extrinsic curvature ten-
sor, (2.2.27), allow for a full description of the behaviour of the spacetime
within this framework. This description provides two constraint equations for

the spacetime and two evolution equations, one for the intrinsic spacetime of
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>, and one for the extrinsic curvature. These equations are derived in sec-
tion A.1.4, and only the results are given here.
Contracting both indices of the Einstein equation with n* gives the Hamil-
tonian constraint,
R+ K* — K" K", = 16mp. (2.2.34)

The second constraint equation, the momentum constraint, is achieved by
contracting the contravariant form of the Einstein equations with —n, and

then making the spatial projection. This gives the momentum constraint,
D, K" — DFK = 8mj*. (2.2.35)

These two equations are know as the constraint equations since they contain
only spatial tensors and their derivatives. They must hold for ~,, and K, for

all time when solving the Einstein equations.

From the definition of the extrinsic curvature tensor, (2.2.27),
1
Ky = =5 LaVun (2.2.36)
we obtain the evolution equation for the spatial metric v,,,
Ly = —2aK,, + LY. (2.2.37)

Finally the evolution equation for the extrinsic curvature tensor arises from

the full spatial contraction of the Einstein equation, which can be written as

1
LiK*" = LsKY, — D'D,a + « {R”,, + KK*" + 8w 5 1% (€ —p) — Qf“l,} }
(2.2.38)

where ¢ = @”M.

We have now given the 3+1 evolution equations for a general spacetime, charac-
terised by the metric g,,,. The fluid evolution equations, (2.2.14) and (2.2.15)
can also be written in this form using the metric for the 3+1 decomposi-
tion, (2.2.31). In order to obtain evolution equations that can be used in

computational simulations, we need to specify the coordinates used on the



CHAPTER 2. THEORETICAL BASIS 43

spacetime, v;;, as well as the lapse, «, and shift, (3.

When making a numerical simulation, it is more natural in many ways to work
with the 3-velocity of the fluid. This is defined in terms of the 4-velocity, u*,

by o
. uZ /67,
v = + —. 2.2.39
aut  « ( )
We also have a covariant form given by a contraction with ~;;,
U
v = —, 2.2.40
- (22.40)
where we have the scalar parameter
W = —ufn, = au'. (2.2.41)
Using the normalisation u’u, = —1, we show, in appendix A.1.5, that this

parameter is simply the Lorentz factor as measured by Eulerian observers,

1
W=—. 2.2.42
V1—vv ( )
We are then able to use the Lorentz factor to replace u' terms in evolution

equations for the fluid.

2.2.2 The special relativistic fluid evolution equations

Here we consider the equations for the evolution of matter in special relativity
(SR). This is a special case for the full GR scenario described above in which
gravitational effects are neglected, i.e. we have a static spacetime with no
curvature. We therefore work in Minkowski spacetime, which, in Cartesian

coordinates, has the metric
Guv = M = diag [-1,1,1, 1] (2.2.43)

In SR, the flat and static spacetime leads to all Christoffel symbols I'# van-
ishing, hence covariant derivatives become equivalent to partial derivatives.

In terms of the 3+1 split, we can choose that the lapse and shift take their
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‘trivial’ values, & = 1 and 8 = 0. Therefore we have 4-velocities, obtained
using (2.2.39), (2.2.41), (A.1.121) and (A.1.124),

w =W (L) u =W (=1,u). (2.2.44)

We now consider the conservation laws, (2.2.14) and (2.2.15). We start with

the conservation of mass, (2.2.14),
V. (pou?) = 0. (2.2.45)

Considering the timelike and spacelike components, and using (2.2.44) to write
the 4-velocity component in terms of the 3-velocity and the Lorentz factor, we
get

O (poW) + 0; (poWo') = 0. (2.2.46)

We then define the quantity D = poW, which is the rest mass density seen

from the Eulerian frame, giving
D + 0; (Dv') = 0. (2.2.47)
We also consider the conservation of stress-energy, (2.2.15),
v, 1", = 0. (2.2.48)

In SR, the components of the stress-energy tensor are given by

T" = pohu'u; — pd; = pohW? — p, (2.2.49)
T, = pohu'u; + pdt = pohW?v;, (2.2.50)
T', = pohu'u; + pd; = pohW?v", (2.2.51)
T'; = pohu'u; + pds = pohW?v'v; + pd}. (2.2.52)

These components, as described in section 2.2, give the total energy density
measured in the Eulerian frame, £ = pohW? — p, and the momentum S =

pohW?2vi. These definitions then yield a useful relation,

S = (E +p)v". (2.2.53)
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Considering the ¢ component of the conservation of stress-energy we have

0, Th = o,T", + 9;T", = 0, (2.2.54)
which can then be written

HE+0; [(E+p)v'] =0. (2.2.55)

The total energy density comprises the various energies present in the system;
e.g. the self-energy, characterised by the py component of E, and the kinetic
energy. At low velocities the self energy of the system is much greater than
the kinetic energy and dominates the energy term. As a result, the evolution
equation for £ becomes approximately equal to that for D, (2.2.47). When
solving this equation numerically, this can lead to errors in obtaining the cor-
rect solution for E. To avoid these problems, the variable 7 is defined, such
that

T=FE—D (2.2.56)

and, by subtracting (2.2.47) from (2.2.55), we obtain
Ot +0; [(T+p)v'] =0. (2.2.57)
The spatial components of (2.2.48) are given by
9, T = 0,T", + 0;T’; = 0, (2.2.58)
which, using (2.2.52) can be written
0S; + 0; (Siv? +ps]) = 0. (2.2.59)

The three conservation laws derived, (2.2.47), (2.2.59) and (2.2.57) can be

written in vector form

dq  Off
0q  Of'(q)

5 T gy =0 (2.2.60)
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with state vector

S

(2.2.61)

o)
I
NGRS

\]

and flux vector
Dot
St + Oip
f'=| Syt + 5;]9 . (2.2.62)
S.vt+dip
(17 + p)v*
We can see that the conserved variables in SR, D, S; and 7, lead to the

same form of the state vector, q, and flux vector, f' as in the Newtonian
case, (2.1.14).

2.2.3 The general relativistic fluid evolution equations

in spherical symmetry

Before we consider the specific case of the GR fluid evolution equations in
spherical symmetry, it is worth considering the case in full 3+1 GR. This
formalism of the evolution equations is derived in [26] and used in e.g. [25, 70,
the equations shown in this section follow from these results. As with the

special relativistic case, we have the conserved variables

D = pyW, (2.2.63a)
S; = pohW?v;, (2.2.63b)
7= pohW? —p—D. (2.2.63c)

The 3+1 form of the conservation equations can then be written

1
-9

[0 (va) + 0 (V=gt')] =5 (2.2.64)

Q‘
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where g = det (g,,,) and v = det (v; ;). The state vector is then given by

D
(2.2.65)

Q
I
SSEINS

the flux vector by

fi=| s (fui - %) +oip |, (2.2.66)
and source vector by

S — Ty (augl/] _ Fi#gaj) . (2267)
a [T"9, (Ina) — 7T |

Polar-areal coordinates

In this work, since we restrict ourselves to spherical symmetry, meaning only
radial derivatives are non-vanishing. The most general spherically symmetric

3+1 line element can be written as
ds* = (—a” +a* (8")?) d* + 2a° 37 dtdr + a’dr® + P°p*d Q> (2.2.68)

where d©2? = d#? +sin®dd¢?. In spherical symmetry all but the » component of
(' vanish due to spherical symmetry and a and b are functions of r and ¢ only.
We then need to make a choice of gauge conditions to specify within which
coordinate system we are working. Here we follow e.g. [140, 142] by using
the polar slicing condition and the areal or radial condition [9, 28, 45]. The
form of the equations presented in this thesis does differ from these sources
however, since we have matched the form used in many 3+1 dimensional NS
simulations e.g. [25, 26]. The polar slicing condition is a condition such that
the only non-zero component of the extrinsic curvature tensor K, is K,,. The

areal condition chooses the radial coordinate such that the proper area of a
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two-sphere is 4712, which gives b = 1. When combined, these gauge conditions
are result in the shift vector vanishing everywhere i.e. 5" = 0.
The resulting coordinate system, known as polar-areal coordinates, then
has line element
ds* = —a2dt?® + a*dr® + r*d Q? (2.2.69)

with the metric given by
g = diag [—a®, a® 7, 7% sin® 4] (2.2.70)
which has contravariant form
g = diag [—a %, a7, r % r P sin 2 0] . (2.2.71)

For this coordinate choice, we have normal vector n*, (2.2.32), and its dual
n,, (2.2.33), given by

1 T
nt = (—,0,0,0) , n, = (—a,0,0,0). (2.2.72)
o

In this section we will outline the derivation of the fluid evolution equations and
relevant constraint equations in polar-areal coordinates. Here we use the form
of [26], i.e. the evolution equations are obtained from (2.2.64). An alternative
derivation of the equations directly from the conservation laws is shown in
appendix A.2.

One useful quantity we can define is the mass aspect function, m(t,r) which
can be interpreted as the gravitational mass within a radius . We obtain this
function by comparison of the polar-areal line element (2.2.69) with the vacuum

Schwarzschild line element

oM oM\
ds? = — (1 — —> dt? + (1 - —) dr? + r*d Q° (2.2.73)

T T

where M is the (constant) gravitational mass of a body. Outside a star, the

polar-areal and Schwarzschild metrics are equivalent, as stated by Birkhoff’s
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theorem ([34]), hence we have

a®(r) = (1 — %) B (2.2.74)

r

This leads naturally to the definition of the mass aspect function within the

star,
r 1
mt,r=-(1-——-]). 2.2.75
en=5(1- =) (2:275)
In section 2.6 we will justify why this function can be interpreted as the grav-

itational mass within r.

We now need to compute the components of the perfect fluid stress-energy ten-
sor, T™ = pohu*u”+pg"”, in polar-areal coordinates. We first need the compo-
nents of the 4-velocity u# which are given by (2.2.41), u' = W/a, and (2.2.39),

u' = u' (aw' — ), hence we have
ut =W (ofl, v", 0, O) . (2.2.76)

The non-vanishing components of the stress-energy tensor in polar areal coor-

dinates are then given by

o _ pohW? p _ E
™ = "F-a = et

tr pohWQ’l)T o ST
T - o - o’
A pohWQUT/UT —+ % = STUT —+ %, (2277)
T  — %

72

(ol R _p__

T r2sin? 6"

The use of the perfect fluid stress energy tensor also allows us to write the con-
straint and evolution equations for the spacetime variables a and a explicitly.
To achieve this it is useful to consider how the contractions of the stress-energy
tensor, given in (2.2.29), relate to the conserved variables. The local energy
density, (2.2.29a), is

0=Thy =Tntn" =Tyn'n' = F (2.2.78)

where we have used the fact that the only non-zero component of the normal
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vector is n'. The momentum density, (2.2.29b) can be written
=L T =~ 1 (T"n,)
= — (0¥ + nent) T%n,

= — (6" + nant) T*n,

= — (6" + nyn®) T"ny — (6% + n.n*) T"'n,.

(2.2.79)

The only non-vanishing component of the momentum density will then be
jr=T"n, = S" (2.2.80)

with covariant form
Jr = Sy (2.2.81)

Spacetime equations

We then write the evolution and constraint equations obtained by making
the 3+1 split of the Einstein equations in polar-areal coordinates. From the

Hamiltonian constraint, (2.2.34),
R+ K* — K" K", = 16mp, (2.2.82)

we obtain a constraint equation for the spacetime variable a (see appendix A.2.2

for this derivation),

ora 9 m
— a2 4 p)- 4| 2.2.83
. a’ |4mr (1 + D) - ( )
From the momentum constraint, (2.2.35),

D,K" — D'K = 8mj. (2.2.84)

we can also derive an evolution equation for a,

Oa = —4rnraal,. (2.2.85)
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as shown in appendix A.2.3. Finally, from the evolution equation for the

extrinsic curvature, (A.1.112),

LK, =LK, — D,D,o+ a{RW + KK,
1 (2.2.86)

—2K,, K, — 8m {C&W = 5w (¢ — ,Q):| } )

we are able to derive a constraint equation for the lapse, «. In particular,
this is obtained from the Kyg component which, in appendix A.2.4 we find the

result

O

2 r @
= ~a [zm(sw —|—p)—|—r2]. (2.2.87)

This has then coupled the two spacetime variables a and «, and therefore the
evolution of « can be described through this constraint equation and (2.2.83).
The Hamiltonian constraint, (2.2.85), is therefore not required to solve for
spacetime variable, which, as described in section 3.3.1, allows it to be used to

check the accuracy of a NR simulation.

Fluid evolution equations

The evolution of the rest mass density in the Eulerian frame, D, is derived, as

in SR, from the conservation of mass (2.2.14),
V. (pout) = 0. (2.2.88)
In appendix A.2.5 we show that this leads to the evolution equation
1 2 T
0 (aD) + =0, (r*aaDv") = 0. (2.2.89)
r

To obtain an equation for the total energy density F we consider the ¢

component for the conservation of stress-energy (2.2.15),
v, = 0. (2.2.90)

As in SR, we use the variable 7 = FE — D, and the evolution equation we
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obtain, as derived in appendix A.2.6, is

O (aT) + %2&« [Paa(r +p)o'] = —aa:;ST. (2.2.91)

Finally the evolution of the single non-vanishing momentum component,

S”, is obtained from the spatial components of (2.2.15),
v, TH = 0. (2.2.92)

This results in

1 2 2
O (aS,) + ﬁﬁr [7"204a (S,v" —i—p)} = aa _ar_Qm (Sv"+p+T17+ D)+ 7]0
(2.2.93)

which is derived in appendix A.2.7.

We now have balance-law equations for the conserved variables, (2.2.89), (2.2.93)
and (2.2.91). As with the Newtonian and SR equations, we typically write

these in vector form

Dov"

1 2,42 r _

o la] S, +ﬁ&n reaa S,v" 4+ p =
T T+p)ov"

(7 +2) (2.2.94)
0
aa —“j;” (Sv"+p+7+D)+ 2

Srm
— S

This equation can be rearranged to reduce problems with the coordinate sin-
gularity at the origin, in a similar manner to that used for the Newtonian fluid
evolution equations in spherical symmetry in section 2.1.1. The pressure term

in the momentum equation, (2.2.93), can be rearranged to give

1 2
ﬁar (r’aap) = 0, (cap) + o;ap‘ (2.2.95)

Using this and by removing 1/r? terms with (2.1.21),

1,
r2dr d(r3)’

(2.2.96)
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means we can write the system of equations, in vector form, as

0 (aq) + 30,3 (r2aaf(1)) + O, (aaf(z)) = qas. (2.2.97)
Here we have
D
a=| 5 |, (2.2.98)
-
Dv"
£t = S.” : (2.2.99)
(T+p)o"
0
£ =1 p (2.2.100)
0
and
0
s=| —Z2(Sv +p+T+D) |. (2.2.101)
_Srm

12
It is instantly apparent that these equations have a similar form to those for
a Newtonian spherically symmetric fluid, (2.1.24). We can also see the cou-
pling of the matter to the spacetime through the variables a and «, introduced
through relativistic formulation of these equations. When solving these equa-
tions, we must therefore ensure that the equations governing the spacetime
(e.g. (2.2.85) and (2.2.87)) are solved simultaneously.

2.3 Equation of state

In section 2.1, we demonstrated the necessity for an additional equation, the
EOS, to close the system of evolution equations. This is an equation of the

form
p=p(po,e). (2.3.1)

The EOS gives specific information about the type of fluid being modelled.
As a result the choice of EOS will always be model dependent, and will be
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based both on the desire to incorporate an accurate description of the fluid
and the ease with which it can be implemented for the problem in question
(be it analytical or a numerical). Ideally the EOS will be derived from the
microphysical properties of the fluid to offer a global description of the fluid
behaviour.

In this work one requirement of our choice of EOS is that it must provide a
suitable description of matter within a NS. One fairly simple EOS that achieves
this, whilst also offering a reasonable description of many common fluids, e.g.
air or helium, is the ideal fluid EOS [9]. This can be derived from the standard
relationship,

pV =nkT, (2.3.2)

where V' is the volume of the fluid, n the number of particles in this volume, &
the Boltzmann constant and T the temperature of the fluid. The specific heat
of the fluid is a quantity that can be defined as the amount of heat, (), per
unit mass required to raise 1" by one degree. This quantity does in fact have
two possible values, which depend upon whether it is calculated whilst either

V or p are kept constant. These two values give the specific heat at constant

volume,

1 /d@Q

=— | = 2.3.3

v M <dT)V:const. ( )
and the specific heat at constant pressure
1 /d@Q

=— | — 2.3.4

@ M (dT)pconst. ( ’ )

where M is the total mass of the fluid within V. Assuming all particles are
of equal mass, the total mass is given by M = nm, with m the mass of the
individual particles. It is assumed that there is no mass transfer into or out of
V', therefore M is a constant.

The first law of thermodynamics states
d@) = dU + pdV, (2.3.5)

where U is the internal energy, related to the specific internal energy by U =

nme. If we consider the case where V is constant, then (2.3.5) reduces to
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d@ = dU, and we can therefore write (2.3.3) as
dU = Mecy dT. (2.3.6)
If it is assumed that ¢y is constant, then this can be integrated to give
U= McyT. (2.3.7)
Alternatively, at constant pressure, we can use (2.3.2) to obtain the relationship
pdV =nkdT. (2.3.8)

The two results, (2.3.6) and (2.3.8) allow the first law of thermodynamics, (2.3.5)
to be written

dQ = Mey dT + nkdT. (2.3.9)

Using this relationship in (2.3.4) we can now write ¢, as

Mecy dT + nkdT k
cp = AT =cy + - (2.3.10)
which, when rearranged, gives
k
— =, — Cy. 2.3.11
m Cp — Cv ( )

We then use (2.3.7) to remove the explicit dependence on 7" from the EOS (2.3.2),

which, when rearranged, gives

_ nkU
. MCVV

(2.3.12)

which can then be written in terms of the individual particle mass m,

kU
p= (2.3.13)

mey V'

We now define the adiabatic index, ~, as the ratio of the specific heats,

y=2 (2.3.14)
Cy
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which, using (2.3.11) allows this to be written

(7—1)U'

- (2.3.15)

p =
Finally, the definition U = nme, along with the relationship pg = nm/V yields
the EOS in the form,

p=(y—1)poc. (2.3.16)

This provides a relationship that allows us to close the systems of evolution

equations introduced so far in this chapter.

From the EOS we can define the specific entropy of the system, s, in terms of

the fluid variables(see e.g. [116]). For an ideal fluid we have
s =cylnp — ¢, In py + const. (2.3.17)

It is useful to consider the case when entropy is constant (we shall see later
some practical cases in which this occurs). From (2.3.17), we can see clearly
that this implies

p=Kp; (2.3.18)

where K is a constant. This relationship is sometimes known as the polytropic
EOS (a special case of the ideal fluid EOS), and K is referred to as the poly-

tropic constant.

The ideal fluid EOS is described as a fairly simple example of an EOS since it
uses a single parameter, 7, to differentiate between fluid types. To achieve this
we must make many assumptions about the fluid being modelled such as taking
constant values for the specific heats ¢y and ¢,. This has the advantage that
despite this simplicity, it can offer a reasonable description of many common
fluids (e.g. air or helium), and, of particular interest here, the v = 2 case offers
a surprisingly good description for a NS interior (based on e.g. mass-radius
profiles and interior dynamics using this EOS) [177].

By introducing more parameters into the choice of EOS we hope to to
encompass a greater range of microphysical behaviour of the fluid. These

parameters will often become specific to the fluid being modelled, for example
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in a NS we may wish to include nuclear interactions between particles, which
are negligible in air or helium.

For NSs, several more ‘realistic’ EOSs are available, the most commonly
used are those by Shen et al. ([178]) and Lattimer and Swesty ([118]). These
are specific EOSs for dense matter such as that in NSs, and parametrise the
fluid through electron fraction, Y., and more realistic dependence on temper-
ature, T, in addition to density. Using these EOSs can increase the accuracy
of a NS model, however, in general, their more complex nature of means that
there is not a simple analytic form for the EOS. Instead the fluid properties are
prescribed through tabulated data. When making a numerical simulation of
e.g. a NS, it is repeatedly necessary to convert between primitive variables (po,
v', £ and p) and conserved variables (D, S* and 7 for a relativistic fluid). Mak-
ing this conversion with tabulated data is computationally expensive. Since
the tabulated data cannot fully represent the continuum of the fluid, extrap-
olation of the physical quantities is required. As a result for many purposes,
such as testing numerical techniques (such as those in this thesis), there is a

clear advantage to using an EOS with a simple analytic form.

2.4 The Riemann problem

The motivation for considering the Riemann problem is twofold. Firstly, when
developing numerical techniques for solving the fluid evolution equations, test
cases with exact solutions are important for ensuring that these developments
have been implemented correctly. For Newtonian and special relativistic flu-
ids, the Riemann problem is one such test case. Secondly, and perhaps more
importantly, many of the numerical techniques used for solving these equa-
tions rely on repeatedly solving the Riemann problem. The specific role of the
problem in the numerical methods used in this thesis is described in detail in
section 3.4. As a result, a detailed understanding of the Riemann problem is
essential.

The Riemann problem is a class of 141 dimensional initial value problems
for a system of evolution equations for any state vector u. The initial condi-

tions, if coordinates are chosen such that the problem is centred on x = z( at
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t = tgy, are given by

u,, zr<uz
u (tg, x) = { uL e mo (2.4.1)
R, 0

where u;, and u;, are constant vectors.

The solution of the Riemann problem for the fluid evolution equations
is self-similar. A self-similar problem can be written in terms of a single
independent variable ¢ defined as a function of the coordinate variables, e.g.
¢ = f(t,z) for a 141 dimensional self-similar solution. For the Riemann
problem with initial data (2.4.1), we have

T — T

E= T (2.4.2)

For any initial data u; and ug, then we have some information as to the
structure of the solution to the Riemann problem. If our state vector u has
N variables, then the general solution will consist of N waves which separate
N + 1 constant states. Therefore for the 141 dimensional fluid evolution
equations, we would expect three waves which separate four constant states.
In this solution, each wave will then have some associated velocity. There are
three possible wave types that can occur. The waves with the largest (most
positive) and smallest (most negative) velocities are determined by regions
where characteristics either converge or diverge. These two waves are denoted
W_., W._ respectively. Diverging characteristics at either of these waves will
lead to a rarefaction, whilst converging characteristics result in a shock wave.
The characteristics at the remaining wave are parallel, and here we have a
contact discontinuity, denoted C. All three waves are self-similar: i.e. they
follow a line & = const. The constant state to the left of W. | and to the right
of W_,, will be the initial states q; and qr respectively. The ‘intermediate’
constant states, between WW_ and C, and C and W_,, are then denoted q. and
Qg+ respectively. An example of a solution for the Riemann problem in which
all three wave types are formed is shown in figure 2.2.

The waveform of W._ is determined by

R_, v <
W = PrLe« = PL (2.4.3)
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qr« AR«

qr RS qr

Figure 2.2: One possible solution to the Riemann problem showing a rarefac-
tion wave between qz, and qz. , a contact discontinuity separating the resultant
states qr. and qg., and a shock wave separating qr.and qg. Since the solu-
tion to the Riemann problem is self-similar, all features propagate along lines
¢ = x/t = constant.

where R is a rarefaction, and S. a shock. Similarly, WW_, can be determined
by substituting R for L in the conditions given above.

Here we first consider the solution to the Riemann problem in Newtonian
physics, as a reference solution. This allows for a greater understanding of the
form of the solution, such that when we consider the SR problem, we have
intuition for the more complex form of the solution in this case. The Riemann
problem is set up in the absence of gravitational effects (a constant gravita-
tional field is assumed). It is, however, still used in the numerical techniques for
simulations of e.g. stars. In these techniques, the Riemann problem is solved
many times, in each case over a small domain. Therefore in these regions, we

can consider the spacetime to be locally flat, and hence the techniques remain
valid [158].

In this section, many features will have a sign dependence depending on the
direction of movement of the wave being considered, i.e. if they are associated
with W. or W_,. Unless otherwise stated, the positive case corresponds to a
wave moving in the positive xz-direction, and negative case to a wave moving

in the negative z-direction.
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T

Figure 2.3: Illustrating the characteristic form of a rarefaction fan. We see
that the solution is continuous across the fan.

2.4.1 Wave types in the Newtonian Riemann problem

To calculate the solution to the Riemann problem, it is first useful to consider
each type of wave individually. The results in this section are derived in
e.g. [116, 201]. We consider each wave in terms of the two constant states
either side of the wave. We denote these in terms of the state ahead of the
wave q, and behind the wave q;. Therefore for a wave moving in the negative
x-direction we have a = L, b = L,, and if it is moving in the positive z-
direction a = R, b = R,. In general the waves resulting from the Newtonian
Riemann problem are described in terms of the state ahead of the wave, q,,

and pressure behind the wave, p.

Rarefactions

Here we consider a situation in which we have a rarefaction wave between the
states q, and q,. At a rarefaction, characteristic lines diverge and there is
more than one mathematically viable solution describing the characteristics
within the wave. The wave illustrated in figure 2.2 is a rarefaction fan, across
which the solution is continuous, the full characteristic structure around this
wave is shown in figure 2.3.

Alternatively the wave could be described by a rarefaction shock, the char-
acteristics of which are illustrated in figure 2.4. This solution, although mathe-
matically allowed, is unstable (see e.g. [201]), with small perturbations leading
to major changes in the solution. Therefore the rarefaction fan shown in fig-

ure 2.2 is indeed the physical solution when characteristics diverge.
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Figure 2.4: Illustrating the characteristic form of a rarefaction shock. We see
the characteristics remain parallel, and ’emerge’ from the single self-similar
line, the rarefaction shock.

A rarefaction is bounded by the characteristics
= £ = £ cop, (2.4.4)

where ¢, is the speed of sound, given by

2 _ P

. 2.4.5
£o ( )

C

To obtain these characteristics, we first write the evolution equations in the

form
Coew =0 (2.4.6)

where we have the matrix C = C(§,w) and w, as previously defined, is
the vector of the primitive variables. The characteristics are then given by
the requirements on £ such that non-trivial solutions exist for this system of
equations, i.e. det (C) = 0 ([94]).

Across a rarefaction, the Riemann Invariant

2c,
v—1

(== (2.4.7)
is constant. By equating the invariant quantity at the boundaries of the rar-

efaction we get
2

v—1

vy = U, (Csp— Csa) - (2.4.8)

One feature of a rarefaction is that it is adiabatic - there is no entropy change
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across it. In section 2.3 we saw that for an ideal fluid with constant entropy
we have the relationship ((2.3.18))

P X pg- (2.4.9)
Using the definition of the speed of sound can then yield another relationship,
¢ ox p I, (2.4.10)

Assuming knowledge of the speed of sound at the boundaries of the rarefaction

we get

Cat 2/(v=1)
% ) (2.4.11)

s,a

Pob = L0,a (

Cop 2v/(y=1)
Db = Da ( ’ ) : (2.4.12)

s,a

and

By using the latter of these relationships in (2.4.8) to eliminate ¢y, we get

sy (v=1)/(2v)
Uy = Vg £ 2 (@) —1]. (2.4.13)
Y= 1 Pa

We could obtain the obvious analogous result if we want to obtain v, in

terms of wy, and p,.

Shock waves

If a shock wave is present in the solution of the Riemann problem (as deter-
mined by the conditions given in (2.4.3)), then characteristic lines converge,
shown in figure 2.5. This differs from the rarefaction wave case where charac-
teristic lines diverged.

The discontinuity in the variables at a shock wave is governed by the

Rankine-Hugoniot conditions,

f, —f, =vs(q, —q,) (2.4.14)

where vs is the velocity of the shock and q and f are the state and flux



CHAPTER 2. THEORETICAL BASIS 63

€T
-

Figure 2.5: Illustrating the characteristic form of a shock wave. We see the
characteristics merge along a self-similar line, forming the discontinuous shock
wave.

vectors for the fluid evolution equations. It is this velocity that determines the

characteristic line of the shock,
£ =vs. (2.4.15)

The convergence of the characteristic lines results in a compression condition

for vg,
Vg £ Csq > Vs > Up £ Csp. (2.4.16)

As with the rarefaction case, we assume w, and p, are known, and want to
calculate the remaining variables in w;. To achieve this we first consider the
Rankine-Hugoniot conditions in the frame moving with vg. The velocities of

the two states in this frame are given by
{]a(b) = Ua(b) — Us. (2.4.17)

In this frame, the Rankine-Hugoniot conditions reduce to f, = f;, which, written

explicitly, are

pO,af}a :p0,bﬁba (24183)
P0,a02 + Pa =popT; + Dby (2.4.18b)
f)a (Ea + pa> :611 (Eb -+ pb> . (2418C)

We can then introduce the mass flur @), as the quantity given by (2.4.18a),
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le.
Qa = :Fpo,af)a = :Fpo,b@b‘ (2419)

Using (2.4.18b) and converting back to the Eulerian frame, the vs component

of the mass flux can be removed, giving

Pvb — Pa

Q. =* : (2.4.20)
Vp — Vg
Rearranging this gives a relationship for vy,
vy = v, £ pbé Pa. (2.4.21)

Alternatively we can use (2.4.18a) to obtain a relationship for @), which does

not depend on vy,

Py — P
QG=1T—71" (2.4.22)
£0,b £0,b

Using the final Rankine-Hugoniot condition (2.4.18¢c) and the ideal fluid EOS

we can obtain
b

g (2.4.23)
+1

~ /"Sl’ﬁ

y—1
— 7+l T
Lob = Po,a
=1\ (P
y+1 Pa

and eventually, using this in (2.4.22), get

Qu = (p : ZGB“)I/Q (2.4.24)

where 5
O T (2.4.25)

and .
B, = (h) Pa. (2.4.26)

This then allows us to obtain the post-shock velocity v, by substituting this
result for @), in (2.4.21),

=V, + - — Pa) - 2.4.27
w=ut () ) (24.27)

As with the rarefaction case, an analogous result could be obtained is we as-
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sumed w;, and p, were known.

Contact discontinuities

Contact discontinuities are the final wave type that can result from the Rie-
mann problem solution. At a contact discontinuity, characteristic lines are
parallel. Here we find that pressure and (normal) velocity remain constant
across the wave, whilst all other properties jump. Therefore for the 1+1 di-

mensional Riemann problem we have

ULy = URpsx = Ux, (2.4.28)
PLx = PR« = Pss (2.4.29)

and therefore the contact discontinuity occurs along the characteristic line
&=, (2.4.30)

This implies that a contact discontinuity moves with the velocity of the fluid,
and hence there is no actual flow of fluid across the feature. As such, they
can separate two distinct fluid regions, and the case in which the EOS changes

across the contact discontinuity can be implemented with comparative ease.

2.4.2 Solving the Newtonian Riemann problem

We have stated that an exact solution to the Riemann problem can be found
it we know the initial constant states q; and qp. By using the results for
the wavetypes seen in the previous section, we can identify the variables in
the intermediate states, q;, and qp,. There are many ways in which we
can achieve this, but in general we must solve some implicit equation for one
variable within the intermediate states, typically p,. From this the remaining
variables can be calculated. Here we follow the method given by [201], but
make the extension to deal with a change in the EOS (a change in v for an
ideal fluid EOS) across the contact discontinuity.

In the previous section we derived results for the intermediate velocity (v,
where we have either b = Lx or b = Rx) for both rarefactions (2.4.13) and shock
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waves (2.4.27). We also determined that vy, = vg. (and pr. = prs (2.4.28)),
hence these two results can be equated. We can therefore obtain the implicit

equation for p,

P (ps, WL, Wg) = P (P, Wr) + P, (ps, Wr) + Av =0 (2.4.31)
where
Av =vg — v (2.4.32)
and
1/2
(P« — PK) (mfﬁé}() Pe > DK
P (pewic) =4, o\ (=17 (2) : (2.4.33)
T (;;) -1 P« < DK

where K represents either the left moving state (P_ and wy) or right state
(P_ and wg). The constants Ax and B are as given in (2.4.25) and (2.4.26),

and for a multicomponent fluid are

Ay =—— " Bp= . 2.4.34
K (v& — 1) po,x . ('VK +1 K ( )

The two cases of (2.4.33) are dependent on whether the wave in the direction

K is a shock (i.e. p. > pg or a rarefaction p, < pg, (2.4.3)).

We now have enough information to solve (2.4.31) iteratively, and obtain the
intermediate pressure p,. Furthermore, for the Newtonian Riemann problem,
we do have information about what each wave type will be, and hence can
ensure that our initial value for the iteration is reasonable. This is based on
the pressures of the two initial constant states, and the velocity difference. We
will assume, without loss of generality, that we have p; < pr. The wave type
is determined by the sign of P (pr,wr,wg) and P (pgr, Wi, Wg), which, for
simplicity, are denoted P,, and P,, respectively. Note that in calculating e.g.
P, , the P (pr, wr,) term will automatically vanish, but all the others can be

non-zero.
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The solution to the Riemann problem will be two rarefaction waves if
Py, <0, P, <O0. (2.4.35)

If we have
Py, <0, Pp,>0. (2.4.36)

then we have a left-moving rarefaction and a right moving shock. Finally if

we have
Py, >0, Pp,>0. (2.4.37)

then we have two shocks.

Once we have calculated p,, and in doing so determined the wavetypes within
the solution, then obtaining the remaining variables is trivial. The intermedi-
ate velocity v, can be calculated through either (2.4.13) or (2.4.27) and then the
density in each intermediate state through (2.4.9) for a rarefaction or (2.4.23)
for a shock. If a shock wave is present in the solution then we need to calculate
the speed with which it moves. This is done through the Rankine-Hugoniot

conditions (2.4.14), e.g. we can get

o L0,V — P0,aVa
Po,b — P0,a

Us (2.4.38)
If we have a rarefaction, then we can use the Riemann Invariant (2.4.7) to
calculate the variables across the fan,

2Cs,fan o 205,(1 265,1)

')/a_]-_va:l:’}/a_lzvb:':’ya_]-

Vtan F (2.4.39)
where we note that v takes the same value in both the initial and interme-
diate states. This gives us the velocity and speed of sound within the fan,
and (2.4.11) and (2.4.12) then allow the density and pressure respectively to
be calculated. The final information required for the full solution is the char-
acteristic lines of the waves. These can be calculated using (2.4.4) for rarefac-
tions, (2.4.15) for shocks and (2.4.30) for the contact discontinuity.
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2.4.3 Wave types in the special relativistic Riemann

problem

When we make the special relativistic extension of the Riemann problem, we
find that qualitatively we obtain the same behaviours as experienced in the
Newtonian case. That is the solution is still self-similar, with £ = x/t as
in (2.4.2), and that there are three waves present in the solution, two of which
can be either a rarefaction or a shock, and one a contact discontinuity. The
solution to the Riemann problem in SR was found by Marti and Miiller [133],
and an extension to include non-zero tangential velocities in more than one
dimension was made by Pons, Marti and Miiller [159]. The case with non-
zero tangential velocity is not a trivial extension in relativistic cases since the
Lorentz factor W2 = 1/ (1 — v'v;) couples all velocity components in addition
to the coupling through the energy (which was also true in Newtonian physics).
Due to this, we will first consider the 141 dimensional case, and then the
multidimensional extension. As with the Newtonian case, we first consider

each wave type individually, following [133].

Rarefactions
A rarefaction fan for the SR Riemann problem is bounded by the characteristics

= Vg £ Csq ¢ = Up £ Cop

1404, 1+ wupcsyp’

(2.4.40)

As with the Newtonian case, we assume that we know the state ahead of the
rarefaction wave, w,, and the pressure behind the wave, p,. Again we wish
to calculate the remaining primitive variables behind the rarefaction, wy. The

velocity behind the rarefaction is given by

(1 — Ua) Ai,b — (1 — Ua)
(1—v,) Arp+ (1 —v,)

where A, 4 is given by

(,-)/ - 1)1/2 — Csp
Apy = 7 -
(/7_ 1) + Csp

)

+2(y-1)"
} L (2.4.42)

(’7 B 1>1/2 + Cs.a
(7 - 1)1/2 — Csa
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The speed of sound of a relativistic fluid is given by

2 P
2=7 2.4.43
ol ( )
with h the specific enthalpy as defined by (2.2.3),
p
h=1+¢e+ —. (2.4.44)

£o

As with the Newtonian case, entropy is constant across a rarefaction, hence
we can obtain the density through the relationship p x pJ, hence again we
have (2.4.9),
Db 1/

Pob = Po,a (—a) . (2.4.45)
This then gives us enough information to calculate v, by expressing the speed
of sound, and hence Ay, (2.4.42), in terms of p, (and w,). A full solution
will again require information about the fluid within the rarefaction fan, qg.p,.

The characteristic lines within the rarefaction are given by

Ufan + Cs fan

= 2.4.46
g 1+ UfanCs,fan ( )
which can be rearranged to give an expression for ¢ fan,
Ufan — g
Cs fan = =+ —. 2.4.47
! 1 - S'Ufan ( )
The velocity within the rarefaction is then given by (2.4.41),
1 - Ua A an 1 - Va
v = (L7 V) A fan — (1 = va) (2.4.48)

(1 - Ua) Ai,fan + (1 - Ua)

where A4 g, can be given by (2.4.42). Once we have vg,,, the remaining vari-
ables within the rarefaction fan can be found. From (2.4.47) we can determine
Cs fan, and then (2.4.43) and (2.4.45) allow pr., and pogan to be obtained.
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Shock waves

The jump in variables across a shock wave is governed by the relativistic
Rankine-Hugoniot conditions ([195])

poutln, =0, T |n, =0, 2.4.49
I

where the notation
[F]=F, - F, (2.4.50)

has been used, and n,, is the unit normal to a spacetime slice >, as described
in section 2.2. In the frame with which a shock has velocity vg then this is
given by

n, = Ws(—-vs,1,0,0), (2.4.51)

where Wy is the Lorentz factor associated with the shock. As with the rar-
efaction case, we assume knowledge of the pre-shock region q, and the post

shock pressure p,. The post shock velocity, vy, is given by

% (pb - pa) + h/aWaUa

haWa + (= pa) (M52 + =)

(2.4.52)

Up

where j is the mass flux across the shock. The mass flux can again be obtained
through the Rankine-Hugoniot conditions, and in relativistic situations is given
by

Po — Pa
e e T

P0,a PO,b

j=4 (2.4.53)

A relation for the post-shock enthalpy, hy, is given by the Taub adiabat ([196]),

(] = (ﬁ + fia ) [p] . (2.4.54)

Pob  Poa

Using the EOS to express po, in terms of p, and rearranging gives a quadratic

equation for hy,

-1 -1 he
Pty pbﬂ W - [” (e — pbﬂ B+ % (p = pu) — B2 = 0.
DY L0,a
(2.4.55)
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Solving this will yield one positive (and hence physical) value for h;, and from
this, po, and then j can be calculated.
To obtain v, we then need the velocity of the shock, which, as in the

Newtonian case, is obtained from the Rankine-Hugoniot conditions,

1 2 -2 £0,a 2
Vs = -~ (pO,aWa) Vq + J 1 + ( - ) . (2456)
]2 + (p07aWa)2 J

This allows the Lorentz factor associated with the shock to be computed in
the obvious manner, hence all information to calculate v, is available.
Contact discontinuities

There is no difference in how a contact discontinuity behaves in 141 dimen-
sional SR when compared to the Newtonian case. Therefore we still have

Pa = Pb = Px, Vg = Up = Uy (2457)

and characteristic line
&=, (2.4.58)

2.4.4 Solving the special relativistic Riemann problem

As with the Newtonian Riemann problem, in SR we obtain an implicit equation
for the intermediate pressure p, by equating the expressions for the interme-

diate velocities for each wave, i.e. we have

P (ps,Wr) — P— (s, wg) = 0. (2.4.59)
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Note that there is now no explicit Av term for SR, the velocity terms are

incorporated in the P terms. These functions are then given explicitly by

W;'S;K (P* *pK)‘i’hK Wkvg
D W, v p* >pK
Prc (parwic) = § heict o) (S ) (2.4.60)
(1—vg)Ag—(1—vg)

where again K represents either the left moving state (P_ and wyp) or right
state (P_, and wg). Here we have defined Ay, to be either A_ 1, or A, g, for
left or right moving rarefactions respectively, and that jx has a sign depen-
dence shown in (2.4.53). Also note that if the EOS changes across the contact
discontinuity then Ws i, jk, hx and Ay, are all dependent on the value of ~.

To solve this implicit equation, we can select an initial guess for the inter-
mediate pressure, p., and iteratively solve (2.4.59). At each iteration we must
determine whether the left and right moving waves need to be solved as shocks
or rarefactions for the current guess p,.

It is possible to determine the expected wave types a priori in a similar
manner to the Newtonian problem. This is done by comparing the special

relativistic relative velocity,

U — VR

2.4.61
T— (2.4.61)

VULR =
to some relative limiting velocities for the different wavetypes. This procedure
is detailed for single component fluids in [166], and it is also noted that this
procedure can be extended to the situations considered here, where the EOS

jumps across the contact discontinuity.

2.4.5 The special relativistic Riemann problem with non-

zero tangential velocities

We will now consider the solution to the (141 dimensional) Riemann problem
in which we have more than one spatial dimension, i.e. with the discontinuity
in the initial data perpendicular to the x-axis. This case is non-trivial in SR if
we allow for non-zero tangential velocities, since we have coupling of velocities
through the Lorentz factor W = 1/ V1 —v;v". The results given here were
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derived in [159]. When considering the different wave types, the relationships
hWwv" = const., hWv* = const., (2.4.62)

always hold, which implies v¥/v* = const, and hence means the direction of
the tangential velocity does not change with time, only its magnitude does.
Therefore the waves produced from the initial data will remain perpendicular
to the x-axis, and hence we can still write the solution in terms of the similarity
variable £ = x/t.

Rarefactions

For a non-zero tangential velocity, the Riemann fan has characteristic lines

. v (1— ) F cs\/(l —0?) [1 =02t — ()" (1 - )] (2.4.63)

— 02¢2
1 —wv2cs

where the notation used throughout this section holds, i.e. minus or plus cor-
responds to R_, and R. respectively.

As with the previous situations, velocity within the rarefaction fan can be
given in terms of the pressure. In this case, however, we have an ordinary
differential equation to solve,

dv” 1 1

= 2.4.64
dp pohW?2cs \/1+ g (&, v, 07) ( )

where we have defined v? to be the absolute value of the tangential velocity,
vl =/ (v¥)? + (v%)?, (2.4.65)
and the function ¢ is given by

V) (&-1) (2.4.66)

g (€¢7UI7UT) - (1 - S:va)2

When solving the Riemann problem for the non-zero tangential velocity
case, we will follow the same general procedure as outlined for the 141 dimen-

sional case given in 2.4.3. Therefore we assume knowledge of the fluid ahead
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of the rarefaction, w, and the post-rarefaction pressure p,. We then obtain an
expression for the velocity behind the rarefaction, vy in terms of w, and py.

Using the condition hWvT = const we obtain

v = haWovl

. 2 1/2
— (44) | (2.4.67)
h? + (haWoul')

We can use the EOS and the fact that p oc py to express h in terms of p, and
then use this to express ¢, also in terms of p. This then allows the differential
equation for v”, (2.4.64), to be written in terms in terms of p only. The
differential equation then needs to be solved across the rarefaction until we

have vy in terms of py.

Shock waves

The special relativistic Rankine-Hugoniot conditions given by (2.4.49) still
hold for non-zero tangential velocity. The dependence of the tangential ve-
locity when calculating the post-shock variables is not as obvious as it was in
the rarefaction case. The velocity behind the shock, vy is given by a similar
equation to (2.4.52),

- S (py — pa) + haWovg
haWa + (pb - pa) (@ + Walpo,a)

(2.4.68)

xT
Uy

Here the tangential velocity components only enter through the Lorentz fac-
tors. We obtain the mass flux j and the post shock enthalpy h; in the same
way as the 141 dimensional case ((2.4.53) and (2.4.55) respectively), and the

obvious extension for the shock velocity vs applies,

1
724 (p0.aWa)’

2
vg = (po.aWa)? 0% + 5241+ (p ;“> : (2.4.69)

The density in the post shock region can then be calculated using the relativis-

tic Rankine-Hugoniot conditions as shown previously. The tangential velocity
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components are also given by the relativistic Rankine-Hugoniot conditions,

. 0 1/2
W = ha Wb — (43) | (2.4.70)
)

hi + (hoWovi”

Contact discontinuities

There is no difference in the treatment of contact discontinuities in this case
compared to those previously considered. The pressure and normal velocity
remain constant across the contact discontinuity, whilst density and tangential

velocity components are not constrained.

2.5 Approximate Riemann solvers

In section 2.4 we motivated our interest in the Riemann problem by stating
that many numerical techniques require repeatedly solving the Riemann prob-
lem. These techniques effectively require the solution at x = 0 at a time ¢t = At
for initial data as given in (2.4.1) centred on = = 0, as described in section 3.4.
The exact solutions to the Riemann problem (in both the Newtonian and spe-
cial relativistic cases) all require the solution of an implicit equation, and in the
case of SR with tangential velocities an ordinary differential equation (ODE)
as well. Solving such equations is computationally expensive, hence repeatedly
obtaining the exact solution when using such numerical techniques is undesir-
able. To address this issue, approximate Riemann solvers have been developed.
These attempt to provide a close approximation to the intermediate states pro-
duced in the Riemann problem (qz. and qg.) using the information available
analytically, i.e. q; and q,. The advantage these approximate solvers have
over the analytic solutions is they are very much cheaper computationally,
hence practical for repeatedly obtaining solutions. Many approximate Rie-
mann solvers have been developed, here we shall describe those used in this
work, see e.g. [201] for further examples. Typically these solvers have been
developed for the Newtonian Riemann problem, and from these, extensions to

the relativistic problem were then developed.
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2.5.1 Newtonian HLLE solver

One of the simplest approximate solvers is the Harten-Lax-van-Leer-Einfeldt
(HLLE) solver, developed by Einfeldt [61], based on the Harten-Lax-van-Leer
(HLL) solver [91]. This solver greatly simplifies the expected solution from
the Riemann problem, assuming there are just two waves formed. Therefore
we have a single constant intermediate state state, q.mprpg, separating the
two waves. It is then assumed that each wave moves with a single velocity
(i.e. behaves like a shock or contact discontinuity). These are the maximum or
minimum wave velocities for the left or right moving wave moving respectively,
which are denoted Ai respectively. Despite this simplicity, the HLLE solver
is, by construction, consistent with the conservation form of the evolution
equations [91], the importance of which is discussed in section 3.3. The solution

can then be expressed as

qL7 g < )\7
=19 QuuiLe, A <E&<A; (2.5.1)
Ar; §> A4

where  represents an approximate solution to the Riemann problem. Since
the assumption is made that the waves have a single velocity, the approxi-
mate intermediate state can be calculated using the Rankine-Hugoniot condi-

tions (2.4.14), which, for the two waves can be expressed as
fR - f.>s< = )\—i- (qR - Q*> ) f* - fL = A ((i* - qL) . (252)
Rearranging these to remove f, gives the intermediate state as

. A —A_q, —f +f
Qs+ HLLE = +An (;L /\<qR) <qL). (2.5.3)
+ - —

The maximum and minimum wavespeeds then require some approximation
since the explicit form of the two waves is not calculated. One suggestion, [51],

is to use the characteristic speed of the leading front of a rarefaction, (2.4.4),

A= UV — Cs,L, >\+ = vp + Cs,R- (254)
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Another suggestion for Ay, [51, 201], which is more commonly used is to con-

sider only the maximum (absolute) wavespeed, Apax,
Amax = max{]vL\ + Cs.15 ’UR‘ + Cs,R} (255)

and then set Ay = £\ ax.

When using an approximate Riemann solver in a numerical simulation, it
is in fact the fluxes within the region f, that are required, not the conserved
variables. These can be calculated from q., however it is simpler to calculate
them directly from the Rankine-Hugoniot conditions, (2.5.2), giving

- Afr = A fr + A A (g —ay)

f.HLLE = h\ A : (2.5.6)
+ - —

It is clear that using the HLLE solver to approximate the entire solution to
the Riemann problem will contain serious errors. When used in a numerical
method, it is, however, only the solution at a single point that is required. In
this case the accuracy to which this value is obtained is often sufficient for
a numerical simulation to be able to reproduce the physical problem being
modelled.

2.5.2 Relativistic HLLE solver

The extension of the HLLE method to relativistic situations (the relativistic
HLLE, or RHLLE method) was first proposed by Schneider et al. [175]. Many
of the techniques from the HLLE method carry over to the relativistic case.
The intermediate state vector, q., and flux vector, f'*, are again obtained us-
ing (2.5.3) and (2.5.6) respectively. The maximum and minimum wavespeeds
in relativity are given by those of a rarefaction in SR, (2.4.46), i.e.

U, — Cs,, Ay = UR + CsR

)\7 = T < < - ~ ~ .
1 — ULCs,L 1—|—’URC&R

(2.5.7)
When solving the special relativistic fluid evolution equations using an ap-
proximate Riemann solver, two values are obtained for q; and qg. The tilde
notation then represents the arithmetic mean of these two values. More details
about how these left and right states are obtained is in section 3.4.

Working in relativity often allows a simplification for the RHLLE solver
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however, since wave speeds are constrained by the speed of light. For SR and
in many cases in GR this allows us to set A = 1. In some cases, gauge
choices may result in ¢ # 1, but in such cases, the value for the speed of light

will still provide the appropriate wavespeeds.

2.5.3 Roe and Marquina solvers

The Roe solver, [168], and Marquina solver, [57], are two approximate Riemann
solvers which are based on a linearisation of the fluid evolution equations. They
are constructed by first writing the 1+1 dimensional fluid evolution equations
as

Jq+ A(q)d.q = 0. (2.5.8)

where A (by using the chain rule) is the Jacobian matrix,

o

A(q) = oq (2.5.9)

The Roe solver then linearises this form of the evolution equations by replacing
A with a constant Jacobian matrix A (a(qr,qgr)). The point at which the
Jacobian is evaluated, q, is known as the Roe mean, and must be chosen
according to the problem being considered. In many cases is given simply by

the arithmetic mean of the initial states,

1

q=(ar+dr). (2.5.10)

To find the full solution for the Riemann problem, we then can solve the linear
equation
d,q—+ A (q)d,q = 0. (2.5.11)

To solve this, we must find the wave strengths &; which are found through the
projection of Aq = qg — qr. onto the right eigenvector of A, ri. For a system

of k variables, this is given by solving

k
Aq=> ar'. (2.5.12)
=1

For this linear system, the flux along the characteristic £ = 0 can then be
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given by
. 1 F .
£ Roe = 5 (fL +fr — Zl Al OEI‘Z) (2.5.13)

where ); is the i eigenvalue.

The Roe solver will not always give the correct solution since (2.5.13) assumes
that the characteristic £ = 0 is within the intermediate state of the Riemann
problem. The Marquina solver is an “extension” of the Roe solver which
allows the solution along the characteristic £ = 0 to be approximated when
this characteristic is contained within a rarefaction. As with the Roe solver,
the characteristic matrix and its eigenvalues and eigenvectors are required. We

then define left and right characteristic variables and fluxes,

WE,R =T (QL,R) *qL,R, SOiL,R =1 (QL,R) f1.R, (2‘5-14)

where I is the left eigenvector of A. associated with );. The Marquina flux

formula then defines two fluxes, ¢, by

;

o4, i (ar) Ai(qgr) >0 and N\ (qz) >0
ol = 0, A (Qr) Ni(qr) >0 and A (qr) <0 (2.5.15)
L 5 (0 + i), i (ar) A (ar) <0
( 0, Ai (ap) N (qg) >0 and X (qr) >0
L = s Xi () Ai(qr) >0 and X\ (qz) <0 (2.5.16)
[ 3 (P + aiwp) Ai(ar) Ai (ar) <0
where
a; = max {|\; (ar)], [\ (ar)]} - (2.5.17)

The flux along the characteristic line & = 0, which is what is required in a

numerical simulation, is given by
fortarg, = Y [P0 (ar) + 9" 1 (qr)] - (2.5.18)

Note that the Marquina solvers does not provide any estimates for the in-

termediate states q., it simply provides the approximate flux f, along the
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characteristic line & = 0. This solver therefore has been designed specifically

for use in numerical methods as described in section 3.4.

2.6 The TOV equations

When undertaking a numerical simulation of the evolution of a star, or other
self-gravitating body, it is essential to know whether the initial data for the
system is stable. That is whether the body will, over some timescale, achieve
hydrostatic equilibrium. The Tolman-Oppenheimer-Volkoff (TOV) equations
describe the structure of a static spherically symmetric self-gravitating perfect
fluid body in GR, and hence allow for initial data for a star in hydrostatic
equilibrium to be produced for 141 dimensional GR. As a result they are an
important resource for providing simple test cases for the numerical techniques
we implement in this thesis, i.e. they are a case in GR in which an exact
solution is known. They can also be used to provide static initial data upon
which a (non-linear) perturbation can be added for dynamic tests of numerical
techniques. The TOV equations are a coupled system of first-order ODEs,
discovered by Tolman, Oppenheimer and Volkoff in 1939 [200, 147]. They can
be derived by considering the Einstein equations and conservation equations

for a static spherically symmetric metric, i.e. we have line element
ds* = —a?dt* + a*dr® + 1r*d Q2 (2.6.1)

where a and a are now functions of r only. The metric associated with this
line element is, however, just a special case of the spherically symmetric metric
141 dimensional we considered when deriving the evolution equations for GR
in section 2.2.3. We can therefore obtain the TOV equations by considering
the static case of the GR fluid evolution equations and constraint equations
(i.e. all time derivatives and velocities vanish). Typically the TOV equations

are written in terms of three variables, m, the mass aspect function, (2.2.75),

m(r) = g (1 - i) : (2.6.2)

a?

the spacetime variable, ® = In «, and the pressure, p. This choice of variables

was made such that in the Newtonian limit, the TOV equations reduce to the
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definitions of mass, the Poisson equation for gravitational potential and the

equation for hydrostatic equilibrium (see e.g. [136]),

dm

E = 471'7’2,00, (263&)

V20 = 4y, (2.6.3b)
1d /r?dp
—— (== = —47w0,. 2.6.
r2dr (po dr) o (2:6:3¢)

By considering the Newtonian limits, we see why the mass aspect function can
be interpreted as the gravitational mass within the radius r, and similarly ®

can be thought of as some ‘relativistic equivalent’ of gravitational potential.

We obtain the TOV equation for m from the Hamiltonian constraint (2.2.83).

This gives
d
d—m = 4mr2py (1 +€) . (2.6.4)
.

The equation for ® comes from the evolution equation from the slicing condi-
tion, (2.2.87), and results in

d®  m+4nrdp

— = 2.6.5

dr  r(r—2m) ( )
Finally, the ODE for the pressure uses the evolution equation for momentum,

Sy, (2.2.97) (in particular from the pressure balance term in this equation).

This then yields
dp do
- = 1 —_—.
L o) +al S

The full derivation of these equations is given in appendix A.3.

(2.6.6)

In order to obtain initial data for a numerical simulation of a star, we must
provide initial data for the three ODEs ((2.6.4), (2.6.5), (2.6.6)). At r =0, we
have m = 0 and p = p., some chosen central pressure. The initial condition for
® is not so obvious. Since ® can be thought of as being a relativistic equivalent
of gravitational potential in Newtonian physics, it is standard to set ® to zero
as r — 00. To achieve this, an arbitrary initial value is picked for ®, and then
once (2.6.5) has been solved, the solution is scaled such that ® — 0 as r — oc.

Once the pressure has been obtained, the density can then be calculated
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using the EOS. For the ideal fluid EOS, the entropy within a static star is

chosen to be constant hence we use the polytropic EOS,

p=Kp;. (2.6.7)

We are able to use the TOV equations to determine whether static initial data
will be stable in an evolution. Once we have picked an EOS, the TOV equations
are then governed by a single parameter, typically the central density pg . is
used. We can then investigate the relationship between e.g. pg . and the total
mass of the star, M. As motivated in section 1.1, GR provides a maximum
mass for a NS. When considering the mass-central density plot, there is indeed
a maximum value above which an increase in py. leads to a decrease in M.
This is identified as the maximum mass of a TOV star, see e.g. [136, 177].

2.6.1 The TOV equations for multicomponent stars

In this thesis we will need initial data for static, stable multicomponent stars,
and therefore we consider how the TOV equations extend to such cases .
Across the interface it is obvious that mass will not jump, and since the inter-
face is modelled as a contact discontinuity, pressure will also remain constant.
From (2.6.5) we see that the derivative of ® depends only on continuous vari-
ables across the interface, and hence ® must also be continuous. The TOV
equations can now be solved as in the single component star case, providing
the jump in density at the interface is known.

Since pressure is continuous across the interface, we can use (2.6.7) to

obtain a relationship for the density jump,
p = Kepg'e, (2.6.8)
where subscript € represents an exterior quantity at the interface. We therefore

P 1/ve
== . 2.6.9
me = () 269

We therefore need to know ¢ and K¢ for the exterior fluid. We can choose a

can obtain pg ¢ by
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value for v¢ based on the type of fluid that we wish to model in the exterior.
If we have freedom to choose a value for K¢ too, then the magnitude of the
density jump is unconstrained, and this can lead an unstable solution. That
is, under evolution, we would either experience collapse of exponential growth.
We found that by ensuring the derivative of the pressure is continuous over the
interface, then stable solutions could be achieved. It is important to note that
this may not necessarily generalise to multidimensions, where instabilities due

to e.g. shearing effects may be important. Using (2.6.6) this gives

4o 4P
[poz (1 +e1) +p] = = [poe (1 +¢) +p] - (2.6.10)

where subscripts Z represents an interior quantity at the interface. We know
that the derivative of ® is continuous across the interface, therefore simplifying

this equation and using the ideal fluid EOS, p = (v — 1) poe, we get

p
= . 2.6.11
Po,z-l-%_1 Po,5+%_1 ( )
Using (2.6.9) and rearranging we get
1/ve

p (ve —1)p
— = + 2.6.12
(Ks> M =D (e - 1) ( )

hence we can obtain K¢ by

(e —qm)p 17V

(vz—=1) (e —1)

Ke=p [po,z + (2.6.13)
From (2.6.9) and this result we then have enough information to provide the
exterior density profile. We now have all the information required for initial
data for a stable multicomponent star in 1+1 spherically symmetric GR. As
with the single-component TOV equations, the maximum stable central den-
sity for given fluid components and interface location can again be obtained

through e.g. a mass-central density plot.
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2.7 Recovering the primitive variables

When solving the fluid evolution equations, we need to be able to convert
between the conserved variables, (pg, S;, E) in Newtonian or (D, S;, 7) in rela-
tivity, to the primitive variables, (po, v;, p). For the ideal fluid EOS, obtaining
the conserved variables from primitive variables is trivial, based on the defini-
tion of these quantities. Similarly the reverse conversion in Newtonian physics
is equally trivial, with a simple closed form,

v; = é, p=(y—1) (E — 1povivi) : (2.7.1)

Po 2

The simple nature of this conversion is, in part, due to the analytic form of
the EOS, it is clear that for more complicated EOSs, there is no guarantee an

explicit form of this conversion will exist.

In the relativistic case, the coupling of variables through the Lorentz factor
means that even for the ideal fluid EOS there is no guarantee that an explicit
conversion from conserved to primitive variables can be found. Even when
such a conversion is available, computationally expensive methods will often be
required to calculate the primitive variables. This is an issue specifically during
a numerical simulation, where conversion between variables needs to happen
repeatedly. In order for the simulation to be computationally achievable it is
then desirable to use a rapidly converging iterative scheme for this conversion
(see section 3.3.1 for a description of convergence). Here we use the method
in [10] where a Newton-Raphson scheme is used to solve a root for finding the
pressure.

In order to start the iteration, we first need to guess a value for the pres-
sure, p, and using this, with the known values for the conserved variables, we
obtain estimates for the remaining primitive variables. Once the density and
specific internal energy have been estimated, the EOS can be used to provide

an equation for the root finding method,

f @)= (v =1) oy (p) e« (P) — b, (2.7.2)

where a subscript * represents a quantity estimated using p. Note that this
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determines the difference between the pressure as calculated using the EOS
compared to that of the estimated value. It is therefore obvious to make an
extension to this equation should a different EOS be required.

We first note that from (2.2.53), S; = (E + p) v;, we can obtain an estimate

of the velocity components,

Si

N 92.7.3
T+D+p ( )

Vi« (D)

where the obvious equivalent relationship can be used to obtain v:. This can

then be used to obtain a Lorentz factor

1
W, (p) = — (2.7.4)
V1= vi. (p) vl (p)
The density and specific internal energy can then be estimated by
D
2% ]5 = -~ 2.7.5
Pz (P) = 37 7 (2.7.5)
and
4 D(1= W) ) + 51— (V. (7))
£« (p) = . (2.7.6)

P
From these equations, we can now calculate f (p) for a given p.

The Newton-Raphson method (sometimes referred to simply as the Newton

method) calculates the root of an equation through the iterative scheme

f (un) (2.7.7)

n

where prime represents a derivative with respect to u. In this case we use
u = p with f given by (2.7.2). It is possible to calculate the derivative of f,

but it is cheaper computationally to use the approximation given in [10],

1 (B) = vie (B) V2 (B) (cse ()" — 1 (2.7.8)
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where the speed of sound for the estimated variables is given by

(co () = 1P . (2.7.9)

po. (9) (1+ 2. (9) + 5255

The Newton-Raphson method is a useful method for such conversions since
it converges rapidly, the error in the approximated root falls off proportionally
to the square of the number of iterations.

The drawback of such an accurate method is that the correct root will be
obtained only for ‘appropriate’ selection of the initial guess for p. This guess
must be close enough to the actual root or the method may not converge.
Effectively if the gradient of the root is not ‘pointing’ towards the actual root
(i.e. if the distance from the actual root to the intersect of the tangent to f (p)
is greater than that to p itself) then the scheme will not not find a root. In
most cases when evolving the fluid evolution equations this is not a major issue
since the most recently known value of the pressure will provide a suitably close

initial estimate for p.



Chapter 3
Numerical methods

This chapter concerns the numerical techniques required to solve the fluid
evolution equations. The necessity for numerical solutions of the equations
that govern the behaviour of a NS has previously been discussed; we now
outline the techniques for solving such equations. In particular we will give
careful consideration as to why the conservation form (or balance-law form) in
which we expressed these equations is necessary.

The use of numerical techniques for solving a system of equations will
always require some balance between accuracy of the solution and limitations
based on the computational cost. The use of these techniques for the fluid
evolution equations requires some discretisation of a continuum system and as
a result, this will obviously introduce some level of error. For a sensible choice
of numerical method we would expect this error to decrease as the resolution
of the simulation increases. Increasing resolution, however, means an increase
in computational cost of the simulation, which is obviously limited through
practical requirements. Our requirements for a suitable numerical technique
are that we will have close to have minimal error within the solution per unit
of time spent on a simulation. Note that this could lead to a crude, but
computationally cheap technique being more useful than a very accurate but
expensive one. The computational requirements for implementing a scheme
with high accuracy may be greater than running a less accurate scheme at
high resolution.

Many techniques have been developed for the numerical solution of PDEs.

Amongst the most commonly used are finite volume and finite difference ([116,

87
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123, 201}), spectral methods ([80, 39]) and smoothed particle hydrodynamics
(SPH) ([73, 131, 137]). These methods all have both advantages and disad-
vantages, and the choice of method depends strongly on the physical situation
being modelled along with the expected behaviour. For example, spectral
methods can offer high accuracy with modest computing power, but have se-
vere issues dealing with non-linear behaviour. When using such methods it
is standard to add some artificial dissipation which prevents true shocks from
forming. In this work, the interaction of non-linear behaviour with interfaces is
a key aspect that we intend to investigate. As a result, our choice of numerical
technique is heavily dictated by this, and finite volume methods are a natural
choice. For obtaining comparable levels of accuracy in smooth regions of a
fluid simulations to e.g. spectral methods, these methods are computationally
expensive. Despite this, the major advantage of finite volume methods is that
techniques have been constructed in order to deal accurately with non-linear
behaviour (without dissipating features), hence with care we can provide ac-

curate solutions across the entire computational domain.

We will now consider the use of finite volume methods in solving a 1+1 di-

mensional system of hyperbolic PDEs in balance law form,

dq  Of(q)
5t + 5y = s(q), (3.0.1)

with arbitrary source vector q, flux vector f and source vector s. In chapter 2
we saw that the evolution equations in both Newtonian and relativistic hydro-
dynamics could be expressed in this form. We will describe how the numerical
methods introduced in this chapter generalise to multidimensional situations
in section 5.1. Detail on many of the standard techniques introduced can be
found in detail in e.g. [116, 123, 201].

Obtaining the numerical solution to this system of equations means that
we must first discretise our domain. Here we chose to split the spatial domain
into N cells of width Az, denoted X;, i € [1, N] where xz; denotes the value
of x at the centre of the cell. The time domain is then discretised into ‘lev-
els’ separated by a timestep At, which are denoted ", n € [0, (tend — to) /At
where t° and ¢ represent the initial and final times of the numerical solution

respectively. The magnitude of this discretisation determines the resolution
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of the numerical simulation. Here we have made the choice to use equally
spaced discretisation, however, in general there is no specific requirement that
either the time or space discretisations are kept constant. Advanced numer-
ical methods have been developed which use more cells in the regions where
there is complex behaviour (e.g. across a shock) than in smooth regions. One
such common method is adaptive mesh refinement (AMR) which can identify
regions in which high resolution is required, and use this to obtain a more
accurate solution. When using AMR in a simulation, the desired accuracy can
be achieved with significant reductions in computational power, since smooth
regions can be simulated at a lower resolution than the fine features. This is
of particular importance in large 3+1 dimensional simulations where compu-
tational resources are a major limiting factor. Details of this technique can be
found in e.g. [31]. In this work we are aiming to test a numerical technique,
therefore it is desirable that we keep all other features of our model as simple
as possible. This will allow for greater ease in both analysing the effects of
this technique, and identifying and dealing with any problems that may arise.
Therefore we will assume a fixed grid and timestep for each simulation (Ax
and At are constant). The domain of a cell X is given by X; € [xi_l/Q, xiﬂ/ﬂ
where 7,41/ = x; £ %Ax.

The discretised values for the vector quantities in (3.0.1) are denoted by
q;. Finite volume methods assume that q! is the integral average of the cell

X, at time t", i.e.
1

Tit1/2
a; = E/ q(t",z)dw. (3.0.2)

Ti 12

When choosing a numerical technique to use, stability is a very important
consideration. We muse ensure that the technique does not introduce oscilla-
tions or other unphysical behaviour into the solution. To determine whether
a technique is stable, we can consider its total variation, TV, given, for an

arbitrary discretised vector u}' by

TV (@") =sup »_ [af, —af (3.0.3)

Vx;

i=—00

where the supremum means we take all possible samples from the domain of

the calculation. A method is said to be strong stability preserving (SSP), [81],
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if the total variation does not increase after any timestep,
TV (4" < TV (0"). (3.0.4)

This property is also commonly referred to as total variation diminishing
(TVD), and this is particularly the case when only the variation of the spatial
derivative are being considered [123]. A SSP method ensures that the evolution
itself (moving to the next timestep) also introduces no increase in variation. A
SSP method can be implemented such that unphysical oscillations are always
avoided. A weaker condition can be placed on a technique, that it is essentially
non-oscillatory (ENO). Here we have increase in total variation proportional

to some power r,
TV (a") < TV (@) + O [(Az)", (A)']. (3.0.5)

In the limit Az — 0, At — 0 we will recover the SSP condition. See e.g. [116]
for further details on stability.

The discretisation of the numerical domain cannot be undertaken arbitrarily,
i.e. Az and At must be chosen with some care. For many numerical methods
the choice of At is constrained by the choice of Ax (or vice versa). This
is related to the numerical domain of dependence of the method versus the
physical domain of dependence of the physical system.

The numerical domain of dependence comprises the region from which in-
formation is required for obtaining a solution at a single point. For example,
the value for ¢! may require information from q7, j € i — 01,0+ dy), where
01 and d, are integers dependent on the numerical method implemented and
01 < 0o. It would be this range that then gives the numerical domain of de-
pendence, since we cannot obtain ¢ without knowledge of these integral
averages.

The physical domain of dependence is the range over which the behaviour of
g at a time e.g. ¢ = t" can affect the solution at a point e.g. q ("', ;). The size
of this domain is based on the maximum (most positive) and minimum (most
negative) wavespeeds of the fluid. The left boundary of the physical domain

of dependence, ¢y, is defined by the point where information from q (", ¢y),
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travelling at the maximum wavespeed, will reach z; at time t"*!. This therefore
is the minimum value on the domain at time ¢ at which q (¢, z) can affect
q (t"*! x;). The right boundary of the physical domain of dependence can be
obtained in an analogous manner using the minimum wavespeed. In order for
our numerical solution to include all possible behaviour we would therefore
expect to have g1 > 07 and g5 < 05.

This therefore implies that for a given grid size Az there is a maximum
timestep At that can be taken for the entire physical domain of dependence
to be included. This maximum is given by some multiple of the grid size, A,

using information about the maximum wavespeed, Uy ax,

umaXAt o
Ar

A (3.0.6)

This constraint is known as the Courant-Friedrichs-Lewy (CFL) condition [48,
49]. The value for X is typically given by the numerical method being used.
When working in relativity and using geometric units, since all velocities are
bounded by the speed of light, it is standard to take uy., = 1. In almost
all cases, if the CFL condition is not satisfied, then the solution will not be
stable. There are, however, (very few) exceptions to this, such as the weighted
average flur CFL2 method of Toro and Billett [202], which allows for a CFL
factor A = 2. There are also a series of methods, semi-Lagrangian methods,
which can achieve a CFL factor A > 6, though these methods are typically
only appropriate for e.g. advection equation type problems [190].

3.1 Method of lines

In order to solve a PDE numerically it is common to first convert it into an
ODE using the method of lines (MOL). Many techniques then exist to solve
ODEs numerically [201], e.g. Runge-Kutta methods, the Euler and backward
Euler methods or the trapezoidal method.

To demonstrate this we apply the MOL to a hyperbolic PDE as given

in (3.0.1) for which s = 0. Discretising the state vector only in space, using
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integral averages, gives

1 Tit1/2
& (1) = E/x a(t, z) de, (3.1.1)
i—1/2
which can be inserted into the hyperbolic PDE (3.0.1) to give
ifli (t) = . f(a(ziiyet) —f(a(zipt))]. (3.1.2)
dt Az

This is then an ODE for q;. In order to solve it, we need to know the value
of £ (q (%ﬂ /Q,t)). Again we make some approximation of these quantities,
known as the intercell fluxes, fiﬂ /2 (t). A variety of methods exist for de-
termining these approximated intercell fluxes, some of which are discussed in

detail in section 3.4, and methods for including the source terms in section 3.6.

3.2 Runge-Kutta methods

Once we have used the MOL to convert the fluid evolution equations into an
ODE, we obtained using the MOL as in (3.1.2). Here we need to solve an ODE

of the form
du B

i

for arbitrary u and F. Many factors must be considered when selecting an

_F (u) (3.2.1)

appropriate ODE solver to use. Most importantly, the technique must be
compatible with the reconstruction techniques used for obtaining the inter-
cell fluxes fiil /2 such that the evolution is numerically stable. Additionally
we must also consider computational accuracy, cost and data storage require-
ments (how many time levels ¢” must be stored). Here we use Runge-Kutta

(RK) methods, a family of fairly simple, but accurate ODE solvers.

The first developments towards the RK class of ODE solvers came in 1895 [171],
and since then there have been many further improvements and developments
to these methods [37]. RK methods are an ideal tool for solving the fluid
evolution equations since they allow accurate numerical evaluation of an ODE
for modest computational cost. They also require only one time level to be

stored (only 4" is required to calculate ") hence minimising the amount of
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data storage required. The need for only one time level is often referred to as
self-starting, since the initial data alone is sufficient to provide the solution at
later times.

RK methods are often referred to as a type of predictor-corrector method,
since they work by taking an initial estimated solution (the prediction) at some
time t" < t < t"*1. A series of corrections are then made to this prediction,
leading to a solution with the desired level of accuracy at time t = ¢"+i,
Different RK methods are characterised by their level of accuracy, their order
of convergence, which will be discussed in detail section 3.3.1.

A general N** order RK method can be written

1© = ",
i—1
a) = (aikfﬂ’% At F (u<k>)) , i=1,..., N, (3.2.2)
k=0
ot =alv,

Here 0¥ is the predicted value (i = 1) or the i*" order correction (i > 1) and
o, and ;. are constant coefficients. These coefficients are chosen such that
the solver obtains the desired level of accuracy, and ensures numerical stability.

From this general formalism, a variety of Runge-Kutta methods have been

developed. In this thesis work we consider a standard second-order method,

a) = 4" + AtF (u"),

X ) (3.2.3)
artl — 5 (qn +qW 4 AF (q(1)>> ’
third-order method,
aM = a4+ At F( ",
a® — i (3@1 +q" + AtF (4 )) , (3.2.4)
G — % (qn +24? 4 2ALF (q(2))) :
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and fourth-order method

il

1 ~
W —qn + SALF ("),

a® — 4" 4 SAF (aW),
2 (3.2.5)
a® =a" + AtFa®?,

1 N
W= o (—2&” +2a® +40@ 4 2a® + AtFﬁ<3>> .

It has been shown that the second- and third-order methods are SSP, [184],
and, furthermore, that fourth-order methods cannot be SSP, [82]. It has,
however, been found practically that the fourth-order method given here does

not introduce oscillatory behaviour for the majority of situations.

3.3 The Lax-Wendroff Theorem and conver-

gence

In both Newtonian physics and GR, the fluid evolution equations can lead
to the formation of non-linear behaviour, even from smooth initial data. In
such cases, the differential equation form, such as in (3.0.1), is no longer valid,
since spatial derivatives become infinite. However, the integral form of the

equations, which can be written

/t:l /ab [a; +f (q),]dzdt =0, (3.3.1)

still holds.

When this form, known as the weak form, is being solved, non-linear be-
haviour can be described, with the solution then termed a weak solution. It is
possible for a single differential equation to have more than one weak solution,
the choice of a rarefaction wave or rarefaction shock, shown in section 2.4.1 is
an example of this. Care must be taken in order to ensure that the correct be-
haviour is obtained when weak solutions are formed, (i.e. to ensure the correct
equation is actually being solved), which can be achieved through additional

information e.g. some entropy condition [123].
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We now consider why we have expressed the evolution equations in chapter 2
in either conservation or balance law form, and why this helps us to find
at least a weak solution to the system. These equations can then be solved
using a conservative numerical method (one that is also written in conservation
form). Such methods guarantee that if there is any discontinuous behaviour,
either in the initial data, or formed during the evolution, then the location of
the discontinuity will be correctly positioned throughout the evolution. The
exact location of the shock may not be known, but a tightly constrained region
containing the shock is identifiable, this behaviour is known as shock capturing.

This feature of conservative numerical methods can be seen by consider-
ing the MOL ODE, (3.1.2), on an arbitrary domain [z, zy]|. Once we have
obtained the intercell fluxes f}il /2, the MOL ODE is

~

d . 1 .
—ai (1) = Ar <fi71/2 - fi+1/2> : (3.3.2)

If we consider the sum of this ODE across the entire domain noting that

f}+1/2 = f(i+1)71/2> we get

q & Nooyo R
&Z:ZM%:Z:ZMACL_ (f -1/2 — fz+1/2) (3.33)

~

A_x < M-1/2 — N+1/2> .

This means that the overall change in q can be described purely by the flow
through the boundaries of the domain, i.e. q has been conserved over the
domain. The advantages this has for non-linear behaviour can be seen by
assuming there is a discontinuous feature within the domain at zg, i.e. )y <
rs < xy. If a conservative numerical method is used then the result given
above means that if we let x; or xy approach xg then q is still conserved.
This means that the shock must be correctly positioned within the simulation.
Such behaviour is not guaranteed around a discontinuity if a non-conservative
method is used. We illustrate this property in figure 3.1.

In general, it is not essential for a numerical method to be conservative.
Non-conservative methods can produce the correct solution if the solution is
smooth for the entire simulation. In fact in the absence of strong non-linear be-

haviour (discontinuities), many non-conservative methods can offer significant
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Conservative method. Non-conservative method.

- - =

Figure 3.1: Showing the potential differences between conservative and non-
conservative numerical methods. In each case the solid line represents the exact
solution to some non-linear PDE, and the dashed line a numerical solution.
The left panel shows the conservative method, where (3.3.3) means that the
location of the discontinuity has been captured correctly. The right panel
shows what can happen if a non-conservative method is used in a situation
involving a discontinuity, where the speed of this feature has not been obtained
correctly.

improvements in the accuracy of solutions obtained, e.g. spectral methods [80].
These advantages in accuracy mean that even for some situations in which non-
linear behaviour is expected (though is not a major feature in the simulation)
then there may be advantages to using non-conservative methods. Care must
then be taken such that large errors are not introduced. Typically these meth-
ods can be designed with some artificial dissipation that is introduced around
non-linear features. This should be implemented in such a manner that these
features are smoothed sufficiently to avoid the issues shown in figure 3.1. For
such techniques to work there is often the need to introduce some additional
technique to determine the location of the shock. In this thesis we are inter-
ested in modelling the effects of shock interactions with other features within
a fluid (particularly sharp interfaces). Therefore being able to model shocks as
accurately as possible, by using conservative finite volume numerical schemes,

is essential.

Although conservative methods are guaranteed to obtain the correct shock
location, this is not sufficient to ensure that the correct solution to the system
of equations is also obtained. We have made no statements as to the accuracy
with which the shock is captured, or whether the correct behaviour local to the
shock is observed, simply that it is in the correct position. Many conservative

methods introduce spurious oscillations around shocks, hence simply knowing
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the location of the shock offers no advantages. We therefore need to place
additional conditions on our choice of numerical method.

It is essential to ensure that the numerical method we use is stable, e.g. we
ensure the method is TVD or ENO. Assuming we do have such a method, there
are two other essential properties we require the method to possess. Firstly
the solution must converge to some function, i.e. as we increase the amount of
cells used in a simulation, the solution obtained should increasingly resemble
some configuration. As with other properties of numerical methods, by itself a
solution which is convergent is not sufficient for accuracy since the convergence
may be towards an incorrect solution. The second property is that the method
must be consistent. This states that in the limit Az — 0 and At — 0, the
numerical method is equivalent to the system of equations we are solving.

The Lax-Wendroff theorem then states that for a conservative numerical
method with a solution that converges to some function in the limit Az — 0
and At — 0 and is consistent, then it is guaranteed that this is a weak so-
lution to the system of equations [121]. In fact it can also be shown that
non-conservative schemes will not converge to even the weak solution if a
shock wave is present [98]. As stated previously, care then needs to be taken
to ensure that this weak solution is the correct one. We must ensure that this
solution satisfies the physical problem that we are considering. To ensure that
the correct weak solution is obtained then we must ensure that the numerical
method obeys some entropy condition (i.e. that entropy is non-decreasing with

time), for more information see e.g. [123].

In order to know whether our choice of conservative numerical method satisfies
the Lax-Wendroff theorem, we need to be able to test these properties. Consis-
tency can be tested relatively easily and usually analytically by simply taking
the appropriate limits Ax — 0 and At — 0. Whether the method is conver-
gent is not as trivial to calculate. In all but a few cases, which generally lack
physical relevance, convergence of a scheme must be tested practically. By us-
ing the numerical method to solve scenarios for which an exact solution exists,
and then comparing the simulated results at different resolutions to this exact
solution we can obtain some measure of the convergence of the method. Alter-
natively, we may have constraint equations (e.g. the Hamiltonian constraint in

GR), which, as we detail below, can also used to determine convergence. We
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now detail how the convergence of a method can be quantified.

3.3.1 Measuring convergence

The rate of convergence of a numerical method is a description of how fast
it approaches a solution. When developing a numerical method it is impor-
tant to know this rate, both for ensuring the Lax-Wendroff theorem is obeyed,
and to give an indication to some of the advantages (and disadvantages) of
the method. For example, a computationally expensive method would not
be practical to implement in many cases unless it approaches a solution very
rapidly, i.e. has a high rate of convergence. In situations where a new numerical
method is not be being developed, the rate of convergence of the established
methods used will be known. In these cases convergence testing is still impor-
tant since it allows the specific implementation of a numerical method to be

tested by ensuring it displays the correct rate of convergence.

Convergence of a numerical method can be quantified by determining the rate
at which a numerically approximated solution to some system of equations
approaches the exact solution as a function of the resolution of the grid. In
general, the order of a numerical method for a PDE depends on both the
methods used to obtain both the spatial and time derivatives. It will usually
be the method with the slowest rate of convergence that dominates the over-
all convergence of the method. For the numerical techniques considered in
this thesis, the timestep and grid spacing are not independent, being related
through the CFL factor A given in (3.0.6). Therefore increasing the resolution
of one of these discretisations automatically leads to a similar increase in the
other. The resolution, and hence rate of convergence of the entire solution,
can then given in terms of just one of the discretised quantities, typically the
grid spacing Azx.

When describing the accuracy of a numerical method, we use the order of
convergence. This details the rate at which the errors in a solution decrease
as resolution is increased. For example, the solutions obtained with a first-
order method will approach the exact solution linearly as resolution increases,

whilst for a second-order method, the error decreases in proportion to the



CHAPTER 3. NUMERICAL METHODS 99

square of the resolution. In general, a k*-order method means that we have

the relationship between cell width and error
error o (Az)F. (3.3.4)

It is this measure of error that characterises the Runge-Kutta methods in
section 3.2. It is possible to select the constant coefficients in (3.2.2) to achieve
the desired level of convergence, with the explicit equations shown being some
examples of this.

Two measures of the error in a solution are available, the local error, and the
global error. The local error takes the error of a solution over a single timestep
as a function of space. By comparing how two resolutions scale, we can easily
obtain the order of convergence of this local error. We do not, however, have
any information as to whether this level of convergence is maintained at other
times. This requires some measure of how the error evolves as a function of
time, hence we can obtain the global error. Various techniques exist which
allow the global error to be quantified. One such technique is to use the p-
norms of some averaged error at each timestep [123]. We can then compare the
scaling of p-norms at different resolutions to obtain the order of convergence

of this global error.

The p-norms

The name p-norm refers to a family of such norms, [|Al| ), which have the

general formula
00 1/p
A, = (Ax S \A#’) (3.3.5)

for any integer p where A; is the error at point z; given by ¢; — q(z;). Note
that the p-norm is calculated for each variable in q independently. Although
there are in theory an infinite number of available norms, in practice there are

three standard choices of norm, the 1-norm

N

1Al = Az Y |A| (3.3.6)

=M
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the 2-norm

N
1Al = 4| Az > [A (33.7)
i=M
and the co-norm
Al = max |A,]. (3.3.8)
M<i<N

This final case is the obtained from the limit p — oo, and is simply a measure
of the largest error across the domain. Note that for these three definitions we
have assumed a computational domain i € [M, N].

The choice of norm can greatly affect the order of convergence obtained
when comparing resolutions. As the value of p increases, the dominance of
the largest error in the calculation of the corresponding p-norm also increases
(up until the co-norm where it is the single measurement required). This then
means that in these cases the overall convergence measured by the p-norm is
going to be dominated by the regions in which convergence is slowest (which
are therefore likely to have the highest errors). As a result, we will often denote
the 1-norm as a weaker measure of convergence, it will not necessarily highlight
if there are small regions where the method is failing to converge at the correct
order.

Relying solely on the higher-order norms, however, is also not guaranteed to
give a useful measure of convergence. Where non-linear features such as shocks
are present, there is often a known local reduction in the order of convergence
of a numerical method (see section 3.4), and therefore we will also want to
know how the technique is converging in the smoother regions of the simula-
tion. This is particularly an issue if we attempt to use the co-norm for such
cases, since we will often have some constant (but not increasing) error intro-
duced around a shock. The amplitude if these errors are often non-convergent,

and as a result, the co-norm would show low- to zeroth-order convergence.

Knowledge of the exact solution is not always required to ensure a numeri-
cal technique is convergent for given initial data. It is possible to evaluate
the errors for results run at two different resolutions compared to a run at a
third resolution. In such cases some care must be taken since although we
may know that the numerical simulations are converging to a solution, we do

not necessarily know that this is the correct solution. If the Lax-Wendroff
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theorem is satisfied by the numerical technique, however, we can at least be

certain that convergence is towards a weak solution of the system of equations.

Convergence testing through constraint equations

When working in GR, we saw in section 2.2.3 that constraint equations are in-

troduced. In polar-areal coordinates we had the Hamiltonian constraint, (2.2.83),

da m
—=a [47r7"(7 + D) — 74—2} (3.3.9)
and slicing condition, (2.2.87),
8ra—a2[4 r(Syv" + )—i—@] (3.3.10)
o= 7r (S, p)+ 5] 3.

When solving the evolution equations, the slicing condition is used to calculate
the lapse, «, once a is known. However, a itself is obtained from an evolution

equation arising from the momentum constraint, (2.2.85)
Owa = —4nraas,. (3.3.11)

The Hamiltonian constraint is then not required for describing how the space-
time changes through the evolution. This allows it to be used as a simple
method of checking the numerical error of the solution.

Once evolved data has been obtained at a timestep we can compare the
derivative of a, which we must calculate from the numerical solution, to the
quantity on the right hand side of the Hamiltonian constraint, (3.3.9). As
stated by the constraint, these two quantities should be equal, however, since
this equation is not being solved during the evolution, numerical errors will
be highlighted. The errors used here can again give the local error at a single
timestep, or we can take p-norms to give a measure of global error. Note that
in this case, if the order of the method is greater that the order to which the
derivative of a is calculated then it is again this lower order which will domi-
nate. Providing a is smooth, a Taylor series expansion allows the derivative to
be taken to arbitrarily high-order with relative ease and in a computationally

cheap manner. Therefore as long as the order to which the derivative is taken
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is greater than or equal to that of the numerical method, then an accurate
measure of convergence can be obtained.

We also note here that since the two equations used to obtain « and
a, (3.3.9) and (3.3.10), are ODEs, then the RK methods in section 3.2 can

be used to solve them during the evolution of the fluid equations.

3.4 Reconstruction

In section 3.1 we reduced our hyperbolic system of PDEs to a system of
ODEs, (3.1.2). To solve these ODEs at between times ° and ' = ° + At
we need to approximate the intercell fluxes, fi:l:l /2, at this time using the infor-
mation from t°. We obtain this information by setting up a Riemann problem
at the cell boundary for the state vector q (t,z). Using any Riemann solver
of choice, such as those detailed in section 2.5, we can obtain an approximate
solution for ¢ (t*,2), and hence f (t!, ). It is only actually the intercell fluxes
f (t',z) that are required to solve the ODE, therefore it is computationally
cheaper for all Riemann solvers that we implement to calculate this directly.
In fact, some Riemann solvers, such as the Marquina solver, do not give the
variables at time t = t!, and instead calculate only the intercell flux.

In order to set up a Riemann problem at a cell boundary, we need to
obtain a constant left and right state, obtained, or reconstructed, from the
integral averages, q7', of the cells local to the cell boundary. This technique was
pioneered by Godunov [76], and therefore methods to make this reconstruction
are often known as Godunov-type methods. The original Godunov method
simply uses the integral average either side of the cell boundary to provide these
constant states, i.e. the reconstructed variables at x;,;/o, typically denoted

Qil/Q, can be given by
(_1;4_1/2 - élL = élia (_1::_1/2 = QR - éli+1- (341)

From this initial data we can then obtain a single value for the intercell flux,
f.11/2 by solving the Riemann problem (exactly or approximately).

Whilst Godunov’s method provides an obvious method for obtaining a
Riemann problem to give the intercell fluxes, the simple approximations to

the constant states (the zeroth-order extrapolation of the left and right state)
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result in it being overall a first-order convergent method. In practice, first-order
methods are too computationally expensive if reasonable levels of accuracy
are to be obtained from large multidimensional simulations. It is therefore
essential that we can use better than first-order convergence in the numerical
methods used. We therefore consider the techniques available for higher order
reconstruction of c]irl /2 which are known collectively as high resolution shock
capturing (HRSC) methods. Here high resolution refers to a global order of
convergence greater than one, hence greater resolution of the physical features
of a simulation.

It is obvious that to achieve greater than first-order convergence, we will
move beyond zeroth-order reconstruction of the left and right states. Although
this means that the reconstruction will no longer be constant for these states
(and hence the problem is not a true Riemann problem), as long as this recon-
struction is no greater than first-order, unphysical behaviour is not introduced
by making this assumption. Unfortunately it was shown by Godunov [76] that
greater than first-order reconstruction leads to oscillations being introduced at
non-linear features. The aim of HRSC methods then has been to provide a re-
construction which is better than first-order where the solution is smooth, but
reduces to a first-order method around non-linear features. This way, we can
achieve a global order of convergence which is better than first-order. Various
techniques through which this reconstruction can be obtained are available.
These limit the behaviour of the reconstructed function around extrema, and
ensure derivatives near non-linear features are kept as small as possible. One
class of such techniques, which achieve this in a transparent manner, are slope

limiters.

3.4.1 Minmod slope limiter

One of the simplest available slope limiting techniques is the minmod limiter
[169]. For this method, the reconstructions at the cell boundaries are made
linearly, based on a first-order approximation for the gradient (slope) of q;,
which we denote s;,. There are two obvious linear approximations that can be

used to give the slope of q; across the cell z;,
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Figure 3.2: Detailing how the minmod method selects which slope to use. In
this illustration there is some discontinuity between x;_; and x;. Therefore we
have |sp;| < |s.;| and as a result this is selected for the reconstruction.
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These slopes are known as the downwind and upwind slopes respectively. The

(3.4.2)

minmod method then selects one of these slopes to make the reconstruction
with. This is done by taking the smallest slope in absolute value. An exception
to this occurs if the direction of the slope changes across the cell (i.e. the signs
of the upwind and downwind slopes are different) in which case we assume
that the slope can be approximated as being zero. We can express this choice

of slope as

(3.4.3)

o — ) sen(sca)min(scal,|sral),  srisRi >0
‘ 0 otherwise

This is illustrated in figure 3.2.
Note that we can arbitrarily choose which slope to take the sign of, both
slopes must be in the same direction for a non-trivial result. From the slope

s;, the reconstructed variables for use at x;,,/, are then given by

_ 1 _ . 1

As resolution increases, the minmod method tends to second-order conver-
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Figure 3.3: Showing how the MC limiter chooses a reconstruction based on
the different combinations of |sz ;| and [sg;|. The situation is set up as in
figure 3.2. In this illustration the interpolated value 2 |sg ;| is selected.

gence. However, it is a fairly diffusive limiter, and as a result, the overall
accuracy of a simulation is lower when compared with other techniques, even

those of comparable order of convergence.

3.4.2 MC limiter

The monotonized central (MC) limiter is a similar in many ways to minmod,
but offers greater accuracy [122]. The upwind and downwind slopes, as given
by (3.4.2), are again required here. The choice of slope for the reconstruction

is, however, now calculated in a different manner,

sgn (sr;)min |2 |s1,|,2 |Skr4l,
n (515) [lL‘ 1’(|R||+| )] S1,iSRi > 0
5 USL, SRil) |»
5; = 2\ f . (3.4.5)

0 otherwise

This is illustrated in figure 3.3
Again we see that if the slope changes sign across a cell, then the MC
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limiter returns a slope of zero. We can see that otherwise, in general, the
arithmetic mean of the two slopes will be used, except in cases in which one
of the two slopes is sufficiently large. Once this slope has been obtained, the
reconstruction at cell ;41 is again given by (3.4.4).

The method by which minmod and the MC limiter ‘limit’ the slope is very
apparent: if any slope gets too large, then it is effectively ignored. The MC
limiter also clearly identifies how the order of the method is reduced at non-
linear features. The arithmetic mean is the centred difference approximation
of the slope, a second-order accurate approximation. As previously stated, this
will lead to oscillation if used for reconstruction close to non-linear features.
Therefore, when the slope is large, suggesting we are near such a feature, a

first-order approximation is then used.

3.4.3 PPM

The two slope limiting techniques presented so far are fairly simple. Higher
order convergence is achievable with more complex methods. In this work we
consider one such method, the piecewise parabolic method (PPM) [46]. This
makes use of higher order reconstruction to achieve greater accuracy. As a
result of this, some additional dissipation is necessary to avoid the issues with
high-order reconstruction around non-linear features. Here we outline the steps
taken in the method, a more complete description as to how it is implemented
is given in section B.1.

PPM first makes a fourth-order polynomial reconstruction at the intercell
boundaries. This is undertaken in a manner that steepens this reconstruction
at discontinuities. Once this polynomial has been obtained, it is steepened
further at discontinuities. To achieve this, it must must implemented with
some procedure which determines where such discontinuities are. In certain
cases this may attempt to steepen regions which are actually continuous, but
even in this case, the reconstruction remains second-order accurate. In or-
der to prevent oscillatory behaviour, PPM then ‘flattens’ the reconstruction
around shocks, using some artificial viscosity. Finally it is ensured that the
reconstructions are monotonic (that the intercell value is not a maximum or

minimum). An extension of PPM to relativistic situations was made in [134].
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3.4.4 Alternative reconstruction methods

The techniques described so far to make the reconstruction can be described
as a MUSCL scheme (Monotone Upstream-centered Scheme for Conservation
Laws) [122]. These then make use of e.g. slope limiters or PPM to avoid
oscillatory behaviour at sharp features. Other techniques within the MUSCL
scheme framework exist, such as further slope limiters, including the superbee
limiter [169] or the Sweby limiter [193]. It is possible to make improvements to
convergence, above those attainable through MUSCL schemes, by using ENO
methods to make the reconstruction. Such methods were introduced by Harten
et al. [92, 90], with improvements made by Shu and Osher [184, 185]. These
take several polynomial reconstructions of q; making use of neighbouring cells,
and then pick the ‘smoothest’” for the final reconstruction. The standard ENO
scheme achieved third-order convergence. In practice ENO methods can be
constructed with arbitrary levels of convergence.

The standard ENO method will only make use of one of the polynomial
reconstructions. It is possible for greater accuracy (and hence higher order
convergence) to be achieved if a linear combination of all possible polynomial
reconstructions (up to some desired order) can be used. This is the idea
behind the weighted ENO (WENO) method [127, 128]. The contribution of
individual reconstructed polynomials to this linear combination is determined
by some weighting. This is carried out in a manner that over discontinuities,
the contribution of the polynomials drops to very near zero, and as a result
leads to non-oscillatory behaviour in these regions. As with the ENO method,
the WENO method can theoretically achieve an arbitrary order of convergence.
Practically, the initial implementation of the WENO method was fourth-order
convergent, and, through improvements made in [104], a fifth-order convergent

method was formulated.

3.5 Boundary conditions

At the beginning of this chapter we described the numerical domain of depen-
dence of a method. Here we consider what issues arise if the domain of ¢
requires information from time ¢ = t" which lie outside the computational do-

main. As an example of this we consider the numerical domain of dependence
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Figure 3.4: This figure demonstrates the issues that arise at the boundaries of
the computational domain. Here, the left boundary of this domain (at x;_; /2)

is indicated by the dashed line. The numerical domain of dependence required

for obtaining fﬂjl is given by the shaded region. It is clear that this includes

cells which are not defined (those to the left of z,,).

of q’t; where this is the integral average of the first cell on the computational
domain. The solution for ¢! will require information from the cells xj,
Jj € [M — 061, M + 6], where §; and 05 give the range of the numerical domain
of dependence as defined by the numerical method being used. If §; # 0 then
q; ! requires information from outside the computational domain. This is
illustrated in figure 3.4

There are several possibilities for dealing with this issue. It may be possible
to use a different numerical method near the boundaries such that the numer-
ical domain of dependence lies entirely within the computational domain (see
e.g. [116] for descriptions of such methods). In many cases, including when
solving the fluid evolution equations, this will not, however, cover the physical
domain of dependence, and as a result unphysical behaviour may be intro-
duced into the solution. A more versatile alternative is to actually include
this extra region required by the numerical domain of dependence into the
computational domain. These cells are then artificially populated in such that
the fluid behaves correctly at the edges of the domain. Since these regions are
not actually part of the physical solution of a simulation, they are known as

ghost zones. Typically we would introduce n, = max (d1,d2) ghost cells into
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this region. Once they have been populated, the same numerical method can
be used across the entire domain.

In order to populate the ghost zones, we need to know how the fluid behaves
at the edge of the computational domain, i.e. we need to know the boundary
conditions of the physical problem. These are then incorporated into the ghost
zones through some boundary treatment. Imposing a suitable boundary treat-
ment is not necessarily a straightforward task. It must be implemented in
such a manner that the numerical methods being used remain stable and they
must not introduce (or limit the introduction of) unphysical behaviour. Here
we follow [116] and consider techniques for two types of boundary, solid and
far-field boundaries. The former of these describes the cases where the edge
of the domain corresponds to some physical feature, such as a wall, which re-
flects the matter in the simulation. The latter is a purely numerical treatment
where constraints on the computational cost of a simulation demand that the
grid must be truncated before any physical boundary is reached (e.g. the only
physical boundary in 341 dimensional NS simulations is at infinity, and there-
fore unfeasible to implement in a numerical simulation). In addition to this
we will also briefly describe exact and periodic boundaries. In this section, all
boundary conditions are populated for j € [1,n,] cells beyond the computa-

tional domain in all directions.

3.5.1 Exact boundary conditions

Knowledge of the exact solution of a problem (if such a solution exists) means
that this can be used to populate the ghost cells. For a numerical method that
requires n, ghost zones and using the boundary in figure 3.4 this treatment

can then be expressed as
s = ale). (3.5.1)

The obvious analogy applies for the condition on other boundaries within the
system.

Although this should result in the correct treatment in all such cases, is-
sues arise due to the numerical error inherent in any simulation. This error
will lead to a discrepancy between the simulated value and the exact value at

the boundary. This may then lead to unphysical behaviour which can propa-



CHAPTER 3. NUMERICAL METHODS 110

gate back into the domain. Additionally, the practical uses of this treatment
are limited since if an exact solution exists, a numerical simulation is largely

unnecessary.

3.5.2 Periodic boundary conditions

When fluid leaves one boundary of the computational domain, if it then enters
the domain again through a different boundary we have periodic boundaries.
The boundary treatment for this case is then obvious, if there is a periodicity

in the boundaries at x,; and xx then the ghost zones will be populated by

Here we are effectively populating the ghost zones with cells within the compu-
tational domain. As with the exact boundaries, physical uses of this condition
are limited. If this treatment can be used, however, it will not introduce any
additional behaviour or errors into the simulation. The most obvious applica-
tion of such a treatment would then be for testing numerical methods without

interference from the boundaries.

3.5.3 Solid boundary conditions

If we have a solid boundary then for a perfect fluid we would expect the
boundary conditions here to be reflective, no matter should pass through the
boundary. In terms of the ghost zone boundary treatment, the behaviour at
the solid boundary is exactly that of there being an identical fluid (in terms of
density, pressure and EOS) with the opposite normal velocity. This technique
is known as reflection or imaging. The boundary treatment for the boundary

illustrated in figure 3.4 would be given by

Por—; = POM+j—1 (3.5.3)
Vo M—j = — Vi1 (3.5.4)
Vir— = Viaai1 (3.5.5)

PM—j = DM+j—1 (3.5.6)
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where v,, and v; are the normal and tangential components of the velocity,
and an analogous treatment is applied to all other boundaries.

In many cases this boundary treatment is very successful. Issues can arise,
however, if there non-zero derivatives of variables as they approach boundary.
The reflection fluid in the ghost zones will then mean the derivative at the
boundary does not exist. This can then lead to a reduction in the order of
convergence of the numerical techniques. There can also be issues with this
treatment when a shock hits a boundary. It was found that an unphysical spike
can be introduced in a numerical solution. In this spike density reduces and
specific internal energy and temperature increase. This behaviour is therefore

sometimes known as shock heating, and is documented in [58].

3.5.4 Far-field boundary conditions

Far-field boundaries are imposed when a physical boundary lies outside of the
computational domain. The treatment at these boundaries should allow waves
from the computational domain to propagate outwards without reflection, an
outflow condition. The treatment should also specify any ingoing waves that
are required from outside of the computational domain, an inflow condition.
In this work, we do not consider situations where any information should enter
from outside the computational domain. Therefore we will restrict ourselves
to considering purely outflow boundaries.

Determining how the ghost zones are populated in order to achieve outflow
boundaries is far from straightforward. If the fluid variables are continuous
at the boundary, then some polynomial extrapolation of the variables into the
ghost zones could provide a suitable treatment. This should ensure that the
fluid is continuous across the boundary, and hence we would not expect any
reflected waves. Care must be taken if non-linear behaviour approaches the
boundary since this treatment may no longer give appropriate conditions, since
a polynomial extrapolation will no longer be appropriate.

In many cases, such as all those considered in this thesis, the interaction
of the fluid with the boundary is not the focus of the numerical simulations.
As a result, we can pick appropriate choices of computational domain such
that all important features, particularly non-linear ones, remain within this

domain. In these cases then we can make a simple zeroth-order extrapolation
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to populate the ghost zones, i.e. for the situation in figure 3.4 we have

Arr—i = Q- (3.5.7)

In multidimensional situations this boundary condition is clearly inappro-
priate, the zeroth-order extrapolation (if it is to be used) should occur in the
direction of the velocity at the boundary. In our preliminary work in multi-
dimensional situations in section 5, it was beyond the scope of the work to
consider a more appropriate boundary treatment. Instead the computational
domain has been chosen such that we consider only the region suitably far
from the boundaries that the effects of the inadequate treatment have not yet

reached.

3.5.5 Vacuum boundary conditions

In astrophysical simulations, we will often be dealing with cases where the fluid
boundary treatments are not of great importance (even in multidimensional
situations) since the boundaries lie within the vacuum region. In GR, how-
ever, both the fluid and the spacetime can evolve, and therefore we must also
consider the boundary conditions of the spacetime variables. At the bound-
aries there is no guarantee that the constraint equations are obeyed. This can
then lead to errors in the spacetime propagating inwards from these bound-
aries (which appear as GWs). There are two commonly used methods to avoid
these issues.

It is possible to pick gauge conditions within the boundaries such that they
are maximally dissipative. This then prevents constraint violating errors from
entering the numerical domain (these conditions are also known as constraint
preserving boundary conditions) [71, 191].

Alternatively, the outer boundaries can be set at a sufficient distance that
the effects of constraint violation do not propagate at a sufficient speed to
effect the region in which results are obtained from a numerical simulation.
This approach is only viable when using AMR, in which the outer boundaries
can be set where only a low resolution grid is used, reducing the computational

cost of a simulation.
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In this thesis, since we restrict ourselves to 1+1 dimensions when working
in GR, we do not have to worry about constraint violation at the outer bound-
aries. Since there is no GW formation in spherical symmetry, errors at the

boundaries will not propagate inwards.

3.6 Source terms

When we outlined the MOL in section 3.1, we assumed that we were solving
the evolution equations in the absence of source terms. Fortunately, from a
numerical perspective, including source terms is relatively simple. Assuming
we have some discretised source term, s;, then the balance law PDE (3.0.1)

dq  Of(q)
o + 5 = s(q), (3.6.1)

can then be written in ODE form using the MOL, which gives

iélz’ (t) = ﬁ [f (a(zim1y2.t)) — £ (q (@ig1/2,1))] +si. (3.6.2)

Since the source vector depends on the state vector, s = s(q), there are no
problems presented by including these terms in the RK methods in section 3.2.

The only remaining issue is then how we discretise the source terms such
that s; is the appropriate integral average. Fortunately the intuitive method

by which we might attempt to do this,

is accurate to second-order. By making some appropriate reconstruction of q;
higher order approximations can be obtained, but we shall not consider them

here.

3.7 Multicomponent fluids

When modelling multicomponent fluids all techniques described so far in this
chapter apply to the fluid evolution, but further conditions must be taken. In

section 1.4.2 we motivated the use of sharp interfaces as a method of dealing
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with the different regions within a NS. It is expected that there will be a differ-
ent EOS describing the fluid properties in each region. It is worth considering
a quantitative example which details why it is impractical to explicitly model
the transition layer. This model assumes we use AMR and we consider the
lengthscales and resolution of the model that including a transition layer would
require.

For this calculation, we consider a region for which there is a quantitative
estimate of size, the Ekman layer in hot proto NS cores. This calculation
is detailed in [14] and, to follow these results and allow for the result to be

interpreted with ease, we use cgs units. The width of this region has been

n 1/2
OEkman ~ Y 3.7.1
e (poQ> ( )

estimated as

where 1), is the viscosity coefficient and €2 the rotation rate. There is a large
temperature dependence in 7),, but for a typical temperature of a proto NS
> 10° K, we expect 1, ~ 10 —10' g cm™! s71. If we assume that at a density

1's71 then we have a lengthscale for the

po~ 10" gem~t and 1, ~ 10 g cm™
Ekman layer of

OBkman ~ 1097 12cm. (3.7.2)

We now consider the numerical requirements for incorporating features of
this size into a full 3+1 simulation of a NSNS binary inspiral for which a
GW signal is to be extracted. We will assume HRSC methods (and hence the
finite volume methods) will be used with computational power based on that
achievable with near-future developments. Thus the calculation will therefore
be based on a fully parallelised code using AMR to allow for the best possible
spatial resolution. We assume that ~ 10'° timesteps can be simulated, and
that, in order to cover several orbits and the merger, we need this simulation
to run for 10 ms. We therefore have the finest timestep at ~ 107'2 s, which,
using the CFL criteria (3.0.6),

Umax Al
Azr

A (3.7.3)

gives us a constraint on the spatial resolution. The maximum wavespeed in
a relativistic situation is ¢, and we assume that A\ = 1, therefore we have

Umax = 3 % 101 em s71. This gives the smallest grid spacing of Az ~ 107! cm.
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In standard numerical methods, there is a smearing of features which, if a fea-
ture is initially a contact discontinuity, will be spread over TV/®+1 cells after
T timesteps where p is the order of convergence of the method [89]. By mak-
ing the (optimistic) assumption that fourth-order convergence can be achieved
then by the final time this contact discontinuity will be spread over 10? cells.
This will give this initial feature a width of ~ 10 cm. In order for the physics
of a transition region to be modelled we require that the width of the feature is
at least an order of magnitude greater than the smearing lengthscale. There-
fore we would require dgiman ~ 100 cm for it to be resolved. It is clear that
for standard NS rotation rates ~ 100 Hz this lengthscale will not be achieved,
hence motivating the treatment of these regions as genuine interfaces. It is also
worth noting that for a typical simulation of a NS, for which GW information
is to be obtained at some suitable distance from the source, we will require
the total size of the computational domain to be at least 100 km. Therefore
achieving resolution of 107! cm will require ~ 20 levels of AMR, assuming
resolution is doubled at each resolution. Although large, this would be feasible
for near-future simulations if necessary. It must also be considered whether
the computational cost of such a simulation justifies the use of this resolution.
If the behaviour in the transition layer is largely stable, then the accuracy
gained from ~ 20 levels of AMR would not provide physically interesting re-
sults. This suggests that regions, such as the Ekman layer, are too small to be
included within a model of an entire NS and hence provides motivation for the
use interface modelling techniques. In this case, the actual behaviour of the
layer would never be explicitly calculated. Instead it would either be apparent
through boundary conditions placed on the interface, or, if the effects did not

effect the overall behaviour of the NS, not included in the model.

Further motivation for sharp interfaces comes from considering how a jump
in the EOS can be implemented. Naively it may seem trivial to include an
EOS which is a function of space. This means that the conversion between
primitive and conserved variables (and calculation of quantities such as the
speed of sound) would be dependent on this function. By introducing an
evolution equation for this function we might then expect that this would
continue to apply the correct EOS in the various fluid regions. At the sharp

interfaces we would therefore have a jump in the EOS function. If we are using
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HRSC methods (which are used for dealing with non-linear behaviour in the
simulations) then there is going to be some smearing of the EOS function due
to this discontinuity. This is obviously undesirable since it was the smearing
of features that motivated the introduction of using sharp interfaces. There
are further detrimental effects of using the discontinuous EOS as a function of
space however.

The smearing of a discontinuous EOS function can be interpreted as the
mixing of two fluid components. In some cases, this may be desirable (if such
mixing is genuinely expected) and in these cases it must be ensured that this
happens in a thermodynamically consistent manner. The smearing induced by
HRSC methods in a purely numerical artifact, and therefore there is no guar-
antee that this is thermodynamically consistent. This then can lead to large
errors being introduced at the interfaces [6]. In section 4.1.1, we use numer-

ical simulations to explicitly show the problems associated with this technique.

In order to successfully model a system in which there is a change in EOS
in a stable manner and a sharp interface, we must therefore consider other
techniques. Having suggested that a single component model is unfeasible
for such situations, we now consider a multicomponent method for modelling
sharp interfaces. The idea behind such a model is to treat each fluid compo-
nent separately, hence a system with n fluid types will have n components,
each evolved using a single EOS. The final solution can then be ‘pieced’ back
together from these components. In order for this technique to be viable, we
must introduce additional features into our model. We must know the location
of any interfaces, how they evolve with time and also how the fluid behaves
at these interfaces. This final consideration must ensure that as waves in one
fluid type reach an interface they interact with the other fluid type. Effectively
we must place some boundary conditions on the fluid at the interfaces. This
may appear to be significantly complicating the model, however successful and
comparatively simple techniques have been developed for capturing the loca-
tion of interfaces, and for providing these boundary conditions. We consider
how the interface is modelled and how the boundary conditions are applied

separately.
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3.7.1 Level set methods

Level set methods present a valuable tool for tracking sharp features, such as
interfaces [148, 176]. In order to locate such features, these methods intro-
duce an external scalar function, typically denoted ¢, known as the level set
function. Here we shall explicitly assume that all features being tracked are in-
terfaces, however the techniques described can generalise to any sharp feature.
Assuming there are two fluid components, the level set function is initialised
such that the contour ¢ (x) = 0 gives the position of the interfaces, i.e. we
use the zeroes of ¢. In this work we shall entirely focus on two-component
fluids although it is possible to extend this to situations with additional fluid
components. The sign of the level set function gives us the required informa-
tion to ‘piece’ the solution together from the separate components. If we have
¢ > 0 then one component will be present whilst for ¢ < 0 we have the other
component. In order to track the interfaces in time, we then need to evolve ¢
along with the rest of the fluid, and do so in a manner that is consistent with
how the interface is expected to move. This effectively requires the evolution
equation for ¢ is determined using the physics of the system being modelled.

Level set methods are not the only possibility which allow for the mod-
elling of sharp interfaces. Other possibilities exist, such as the particle level
set technique ([63, 148]), volume-of-fluid method ([141, 167]) or phase-field
method ([102]). To provide an argument for why we will use level set meth-
ods, we describe some of the advantages to this technique, and how they apply
to this work.

One key feature of level set methods is their ability to deal with changes in
topology of an interface. If the interface becomes twisted (e.g. due to rotation)
or two initially unconnected regions merge, (e.g. in binary NS merger) this is
dealt with naturally in the level set formulation. In some cases, a physical NS
situation may result in the case in which a new fluid model is ‘spontaneously’
required (e.g. if there is a transition to exotic model in the core). Here it is not
obvious how to deal with this in the context of level set techniques without
the additional information as to how, and when, this transition occurs. It
may be possible to connect the function ¢ to e.g. some temperature variable,
determining when a transition to exotic matter occurs, though we shall not

consider this scenario.
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Figure 3.5: Showing how a level set function, ¢, models the location of in-
terfaces. In the left panel we see example data for an early time in a 1+1
dimensional multicomponent fluid simulation in which there are two separate
regions of fluid. The right panel then shows a possible solution for the late
time evolution of this system. The level set function has naturally allowed the
‘fluid 1’ regions to merge.

In figure 3.5 we show how a level set method identifies interfaces, in a
simple 141 dimensional multicomponent situation. The left panel shows an
initial set up in which there are two regions of ‘fluid 1’, separated by ‘fluid 2’
i.e. the level set function has four zeroes, and hence we have four interfaces.
At some future time, as shown in the right panel, these two regions of ‘fluid 1’
have merged, we now have only two interfaces. The evolution equations for
the level set allow this to occur naturally. It is obvious that this is useful for
NS simulations, in which, if we consider a two-component star, may at some
point during merger require these components to merge.

Although figure 3.5 considers only the 141 dimensional level set function,
the methods extend naturally for arbitrary dimensions, which is clearly nec-
essary for NS simulations. Additionally, since the evolution equation for ¢ is
determined from the behaviour of the fluid variables, many of the numerical
techniques for evolving ¢ can similarly be ‘borrowed’ from those already being
used if necessary. Further techniques which we use only for level set tech-
niques are described in section 3.7.3. For a comprehensive description of the

advantages of level set techniques, see e.g. [176].



CHAPTER 3. NUMERICAL METHODS 119

Some final motivating features for the use of level set techniques are firstly
that they are widely employed in determining the boundary conditions at an
interface. Therefore for the purposes of this work, it is sensible to follow these
examples. Secondly the use of level set methods in GR is well established,
particularly in capturing the position of event and apparent horizons in black
hole simulations [53, 199]. We therefore know that there should be no issues

with their implementation to model a multicomponent NS.

3.7.2 The level set function

The first consideration when using level set methods is how the function ¢ is
initialised. If we are considering a physical situation, then we must ensure that
¢ accurately gives the location of the interfaces present. In many cases this
may not be a trivial task, particularly for a fluid modelled in 341 dimensions,
with a complex initial structure to the interfaces. In this work, however, we
predominantly consider simple physical situations or test cases, for which we
can choose the initial shape of the interfaces in a much more arbitrary manner.
As an example, the Riemann problem described in section 2.4 requires a single

interface at © = xy. Therefore we have initial data for ¢ given by

¢ () =z — 0. (3.7.4)

Determining the evolution equation for ¢ requires the physical behaviour of the
fluid at the interface to be taken into account. For the interfaces we consider
in this work there is an obvious form for the evolution of ¢. The regions of
a NS described in section 1.2 are those that are expected to be present in a
stable isolated NS. For a sharp interface to be stable in this manner, there
must then be pressure balance across it. We then make the assumption that
there is no matter transfer across the interface. This effectively constrains the
interface to be moving with the fluid. In general we therefore expect velocity
to be continuous across the interface. It is then apparent that the interface

can be described as a contact discontinuity (see section 2.4.1), hence we can
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treat it as a being advected with the fluid. In the general case, the evolution

of ¢ can be described as being Lie-dragged with the 4-velocity of the fluid
Luop = 0. (3.7.5)

In both the Newtonian Cartesian coordinate and SR cases this, when written

explicitly, gives the standard advection equation form

00 00

o T e =0 (3.7.6)

In GR, the spacetime effects enter the evolution equation through the Lie-
derivative. When written in polar-areal coordinates (as described in sec-

tion 2.2.3), the evolution of ¢ can be written explicitly as

— +av"— =0. (3.7.7)

Note that these equations are not in conservation form. Whilst they can easily
be converted to conservation form, e.g. (3.7.6) becomes
9 (po¢) , O (pov'9)

5t =0, (3.7.8)

and hence make use of the methods described so far in this section, this formal-
ism is not ideal in this case. The key motivation for writing the fluid evolution
equations in conservation form is to avoid the issues that arise due to non-linear
behaviour. Since the only information that is required from ¢ is the location
of the interface, its structure is therefore arbitrary. We are therefore free to
enforce that ¢ is free from such behaviour, i.e. contains no discontinuities.

In fact, for level set functions, conservation form can actually be detri-
mental to the accuracy of the simulation. The conserved variable (pg¢) is
discontinuous at the interface. Although HRSC methods mean that (3.7.8)
can be evolved without introducing oscillations, there is still some unavoidable
error due to the reduction in accuracy of these methods about discontinuities.
This will manifest as an error in the location of the interface. In fact the ini-
tial work on level set methods was in fact done with ¢ discontinuous at the
interfaces [149], and suffered from these issues. If a function does not con-

tain discontinuous features however, an evolution of its non-conservative form,
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e.g. (3.7.6), can be achieved without introducing errors [138].

If we ensure that the initial data for ¢ is continuous at the interface, there is
no guarantee that it will remain as such. If the velocity profile of the fluid is
not constant then the profile of ¢ can steepen. If this occurs then the errors
associated with non-conservative methods will arise. In these cases, however,
we can again use the fact that the only information required from ¢ is the
interface locations. At any stage in the evolution we are free to redefine ¢ and,
as long as the interface locations are not changed, the physical model will not
be affected. Therefore reinitialisation techniques, which will ‘smooth’ out a
level set function which gets too steep, have been developed [43]. In practice,
rather that waiting for ¢ to steepen, a reinitialisation technique will be imple-
mented after a certain number of timesteps. The number of timesteps will be

chosen on a case-by-case basis, depending on how rapidly ¢ steepens.

In many cases we consider in this work, there we have a single interface, and
we can use this to avoid the need for reinitialisation whilst retaining the ability
to undertake long term evolutions. A single interface means the evolution of
¢ can be described everywhere using only the velocity of the interface. This
then means we have a constant coefficient advection equation for ¢, and are
able to evolve it across the entire domain using simply the 4-velocity at the
interface, u,; = U\qs(a:):o- We therefore have a general evolution equation given
by

Ly, . ¢o=0. (3.7.9)

In this case, since ¢ is advected with constant velocity across the entire domain,
it retains its initial profile, i.e. sharp features will never form.

Level set techniques capture the location of the interface, rather than ex-
plicitly tracking it (i.e. we know the location to within one cell on the numerical
grid). In order to increase the accuracy of the evolution of (3.7.5) it is useful
to make some interpolations to obtain the velocity at the interface itself. We
must then first obtain the position of the interface. If we use a linear profile
for ¢, then this position can be calculated exactly. We first locate the cell z;
for which q@iqgi_l < 0, where ngSZ is the integral average of ¢ across cell z;. This

indicates that the interface lies in the range iy € [z;_1,;]. The interface
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location is then given by

Ti1Qi — Tidi

&i - (ﬁifl

(3.7.10)

Tint =

We can then make a linear extrapolation of the 3-velocity at the interface,

(v = vim1) Ting + (Vo1 — Vi)
Vint = .
Ax

(3.7.11)

This then provides us with a second-order accurate approximation of wvj.
Higher order extrapolation can be used if necessary, but since ¢ will usually

be close to linear, these do not offer a significant advantage.

It is not always the case that the advection equation is sufficient for describing
the evolution of ¢. If additional physics is added to the model (i.e. we move
away from an ideal fluid EOS) then this may impact the behaviour of the in-
terface. For example, in some cases there will be non-negligible surface tension
between the two fluid components. For further information about how such

situations can be modelled see [148].

3.7.3 Numerical methods for the level set function

So far in this section we have stated that the level set function ¢ will be
evolved using the non-conservative form of the advection equation ((3.7.6)
or (3.7.7)). These will differ from the HRSC methods that have been the
focus of this chapter, since these require conservation form of the evolution
equations. Many of the features introduced so far, such as discretisation, still
apply however.

The advection equations, given in (3.7.6) and (3.7.7) are specific examples
of Hamilton-Jacobi equations [148]. The general form of such equations is

99

e + H (V¢) =0. (3.7.12)
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In the cases we consider, we therefore have

H =0 — 7.1
(Vo) =0 o (3.7.13)
for the Newtonian and SR advection equations, (3.7.6), and
o9
H =av" — 7.14
(Vo) = av B (3.7.14)

for the GR equations in polar-areal coordinates, (3.7.7).

Many techniques have been developed to solve Hamilton-Jacobi equations
and here, we shall employ one such technique, a Lax-Friedrichs scheme as
described in [50]. As with the fluid evolution equations, we begin by making
a discretisation of H such that (3.7.12) reduces to an ODE. At this point, any
ODE solver, such as the RK methods outlined in section 3.2, can be used to
solve this equation. One possible discretisation we can make for a Hamilton-

Jacobi equation is

H (Vo) =H (¢, 05,0, 065, -.67), (3.7.15)

where e.g. ¢ represents some choice of upwind and downwind approximations
to the derivative of ¢ in the a-direction. For the Lax-Friedrichs scheme, H is
defined by

H=H B (¢;+¢I),%(¢;+¢;),%(¢;+¢i)}
—a B (7 — czs;)] —a B (65 = ¢;)] -’ B (67 - ¢;)] (3.7.16)

where &' are dissipation coefficients (note these are not related to the lapse
function a). In order to determine these coefficients, we first define coefficients
H,, H, and H3 through

dH

_ 3.7.17
T @) Nl

Hi 23 =

We then choose
&% = max (H,) (3.7.18)
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where the maximum value over the entire grid is taken, and the obvious re-
sult for &Y and &*. It is not necessarily straightforward to calculate the &°
coefficients, since taking derivatives of H (V¢) with respect to 0;¢ may not be
obvious. Fortunately, in the case of the advection equation, we have a simple
form for H, hence these coefficients are obvious. For Newtonian and SR, with

the evolution of ¢ given by (3.7.13), we have
= |v'] (3.7.19)
and for polar areal coordinates in GR, (3.7.14), we have
Q"= |av"|. (3.7.20)

In the 1+1 dimensional cases considered in section 4, ¢ should retain an
approximately linear shape (or be reinitialised to such a shape) around the

interface, it is sufficient for first-order approximations to be used for ¢*,

¢+ (z)erl (bz Qb_ (bz (bz 1 (3721)
 Ar  Ar

Higher order methods for obtaining these approximations are required for rea-
sonable accuracy in multidimensional situations however, see section 5.3. This
scheme is far from the only such method available for solving Hamiltonian-

Jacobi equations, see e.g. [148] for further options.

3.7.4 Ghost Fluid Method

Level set methods, outlined in the previous section, are a robust and widely
used set of methods for capturing a sharp feature such as an interface between
two fluid components. Unfortunately, by themselves levels set methods do not
give enough information to accurately model the physical behaviour of these
fluid components. Level set methods simply give a location of the interface
and do not in any way affect the evolution of the fluid. The actual behaviour
of the fluid components at the interface are then modelled through the imple-
mentation of some dynamical boundary conditions. Several techniques have
been developed in Newtonian CEFD to implement suitable boundary conditions,
e.g. [67, 129]. Whether these methods extend to relativistic situations has not



CHAPTER 3. NUMERICAL METHODS 125

previously been investigated. We will make this extension, and therefore, it
is advantageous for this work if we start from a simple, robust method. As a
result, we will work with the Ghost Fluid Method of Fedkiw et al. [67].

The Ghost Fluid Method is the simplest successful method for providing
boundary conditions at an interface using level set techniques. The tech-
niques employed by the Ghost Fluid Method are reminiscent of those used
to provide the boundary conditions at the edge of the computational domain
in section 3.5. For the boundary between two fluid components, the conditions
implemented must, however, be dynamic: they must move with the interface
and must also capture the effects of the change in EOS at the interface.
When using level set methods to capture the location of the interface, we
are able to model the fluid components separately. The final solution of an
evolution using such methods is then pieced back together, with the sign of
the level set function determining the physical extent of each component. This
means that there are no actual constraints on the computational domain over

which each fluid component is modelled.

In figure 3.6 we show the computational domain for one component of a mul-
ticomponent model. This component only enters the physical domain when
¢ < 0, where it is shown by the solid line. When ¢ > 0, this component will
have no effect on the overall evolution of the fluid, even if it is included in the
computational domain of these regions, as illustrated by the dashed line. This
allows us to implement boundary conditions in a similar manner to the way
ghost zones are implemented. That is we populate cells ‘behind’ and interface
with artificial values such that the behaviour at the interface is appropriately
modelled. This artificially altered fluid is the ghost fluid. Since the ghost fluid
is created in the region not present in the physical model, this alteration will
not manifest itself at any point other than through the provision of boundary
conditions.

It should be noted that the Ghost Fluid Method is not actually a conser-
vative method. When we reconstruct fluxes at a cell boundary, as described
in section 3.4, we would normally obtain a single flux e.g. f;,; /2. This then
describes both the flux through the right boundary of the cell z; and the left
boundary of x;.;. When using the Ghost Fluid Method, however, these two
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l—:i The ghost fluid region

Figure 3.6: Illustrating the region across which a single fluid component can
be modelled. Although the component depicted only enters the physical model
when ¢ < 0, it can be modelled across the entire domain. When ¢ > 0, this
fluid component does not effect the physical solution, hence allowing it to be
modelled across the entire domain does not present an issue. These regions
then form the ghost fluid region described in this section.
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fluxes are not equal. If an interface exists between z; and x;.; then the flux
through the right boundary of x; is computed using the ghost fluid for one fluid
component. Similarly the flux through the left boundary of x;,; is computed
using the ghost fluid for the other component. Obviously there is no guarantee
that these two fluxes will then be equal. Despite this reservation, the method
has been used successfully in many cases. This does however suggest that care
should be taken in some situations, particularly in some extreme scenarios (e.g.
those involving high velocity shocks).

There are many advantages, beyond simplicity, for using the Ghost Fluid
Method as the basis for this extension. It is an extremely versatile method,
and many extensions we may wish to consider in NS modelling are investi-
gated in the context of Newtonian CFD. The compatibility of the Ghost Fluid
Method with AMR has been investigated, [143, 206], which is essential for use
in e.g. NS merger simulations. It has also been shown that the method can be
used in cases in which an Eulerian description of a fluid can be coupled to a
Lagrangian description of a solid, [66], which would allow for e.g. a solid core
to be simulated within a NS. We also note that the Ghost Fluid Method is
not restricted solely to use with level set methods, but can be used with other

sharp interface tracking techniques [198].

We now detail how the Ghost Fluid Method provides these boundary condi-
tions. The conditions are based on the expected behaviour of the primitive
variables (pg, v and p) across the interface. As we detailed in section 3.7.1, we
know that normal velocity and pressure should remain continuous. To reflect
this, the ghost fluid simply takes the corresponding values for these variables
directly from the physical fluid. There is no such condition, however, on the
density and tangential velocity at the interface as there are no constraints on
the size of the jumps in these variables. The Ghost Fluid Method makes the
assumption that entropy and tangential velocity are constant across the inter-
face. As such, they are extrapolated into the ghost fluid region at zeroth-order
in the normal direction to the an interface. From the entropy extrapolation,
the density can then be recovered using this extrapolated value, the EOS and
pressure. This assumption clearly will not always be correct; for example, when
a shock hits an interface there is a jump in entropy governed by the Rankine-

Hugoniot conditions. However, since this simple assumption has been used
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successfully in a wide range of cases in Newtonian CFD, we expect that it will
extend naturally to SR.

The manner in which the Ghost Fluid Method is implemented is considered
explicitly for a 141 dimensional two-component fluid system. Note that in
this case the single velocity component is always normal to the interface, so
we do not have a tangential component to extrapolate. Here we assume a
total computational domain of x; € [xpr41, x|, in order to allow for consistent

notation.

1. Beginning with an initial cell, x;;,;, which represents either the start
of the domain, or the first cell after a previous interface. Identify the
location of the next interface based on the point at which the sign of ¢
changes, i.e. ¢;_1¢; < 0. Alternatively, the end of the domain could be
reached. We assign x5 = x;, the final cell before this next interface. This
introduces a region, x;, j € [M+1,7], for which the Ghost Fluid Method
can be applied at the boundaries. In this region, we have a single fluid

component with a single EOS.

2. The Ghost Fluid Method must be applied in the region x;, | € [M, M —
ng) and x,, r € [J+1,T+ny + 1], where n, is the number of ghost zones
required by the numerical method being used. If either x,,,1 or x5 are a
cell at the edge of the physical domain, we ignore this region, since there
is no interface present. The additional cell on top of n, is required, since
the interface may move by one cell during the evolution. If this happens
before the final corrector step for solving the ODE provided by the MOL
(see section 3.2) then the information provided by this additional cell

will be required.

3. Copy the physical values of the velocity and pressure into the ghost fluid
regions x; and x,. This comes from the other fluid component at these

cells.

4. Make the zeroth-order extrapolation of entropy from x,;,; into z; and

x5 into x,. In section 2.3 we gave the entropy for an ideal fluid, (2.3.17),

s =¢,Inp — ¢, In py + const. (3.7.22)
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Figure 3.7: An illustration of how the Ghost Fluid Method is applied. We
show how the ghost fluid region of fluid 1 is populated. The crosses and
squares represent the fluid that would be seen in the physical model, and the
circles the artificial ghost fluid. Analogous modification for the boundaries of
fluid 2 can easily be inferred from this figure.

If this is constant we have the relation p o pJ. We can then implement
this extrapolation directly, with the density within the ghost fluid region
given by

b o p Y
Po,0 = Po,M+1 ( ) , Po.r = £0,3 (—) . (3.7.23)

Prm+1

5. Update the fluid within z; using the desired HRSC method.

This procedure must be carried out for every region between two interfaces,
or between an interface and the boundary of the computational domain, at
every substep within the numerical method. To offer greater insight as to how
the Ghost Fluid Method is applied, figure 3.7 illustrates this 14+1 dimensional

implementation of one fluid component at one interface.

The description given so far was initially devised for a fluid in Newtonian
physics. In relativistic situations we would expect that the 4-velocity normal
to the interface should copied from the real fluid to the ghost fluid. When
working in 141 dimensions however, the continuity of the velocity (and space-

time factors in GR) across the interface mean that the 3-velocity can be used
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(as in the Newtonian case) without issue. When moving to multidimensions,
the coupling of the velocity components through the Lorentz factor means
that the full 4-velocity may need to be considered. This is discussed in further

detail in section 5.

3.7.5 Alternative methods

The Ghost Fluid Method has been widely used in Newtonian CFD, with many
applications shown in [67, 99]. Perhaps not surprisingly, the simplicity of the
technique, in particular the zeroth-order entropy extrapolation, does result in
cases in which the Ghost Fluid Method suffers inaccuracies, or fails altogether.
These have been studied in e.g. [125, 126], where the interaction of strong
shocks with the interface was seen to cause issues. The cause of these issues
lies in the fact that the Ghost Fluid boundary conditions make the assumption
that a shock impacting an interface is reflected as a rarefaction wave. If a shock
is sufficiently strong, however, then a reflected shock wave can form instead
(or, under certain conditions, no reflected wave is seen). When these cases
were investigated using the original Ghost Fluid Method, there were spurious
oscillations introduced at the interface, or in some cases failure to capture
its location accurately. In [125], these issues were addressed with a modified
Ghost Fluid Method. This effectively ensures that the boundary conditions
are appropriate for the form of the reflected wave. This allows for the entropy
to be extrapolated into the ghost fluid region from the exact location of the
interface, instead of the first cell before the interface as shown in figure 3.7.
In addition to modifying the Ghost Fluid Method, further issues have been
addressed through alternative treatments of the boundary conditions at the
interface. One such method is the Ezplicit Simplified Interface Method (ESIM),
introduced for acoustic problems in [157] and extended to multicomponent fluid
problems in [129]. This method is concerned with correcting the problem the
Ghost Fluid Method experiences due to the zeroth-order entropy extrapolation
at the interface. In the original method, this lead to issues with the accuracy
with which behaviour around the interface is captured if entropy gradients
exist across it. The ESIM method makes a higher order reconstruction at
the interface and hence addresses these issues. However, ESIM is still not a

conservative method, hence care must still be taken in the presence of non-
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linear features.

Further alternatives exist which do not use level set techniques. If a single
component model can be devised in a thermodynamically consistent manner
(through an appropriate choice of colour function), then a conservative method
for dealing with fluid systems with a change in EOS will be available. Such
a method was presented in [207], the thermodynamically consistent and fully
conservative (TCFC) method. Despite having many of the advantages of a
conservative method, the TCFC method has other issues, such as dealing with
situations involving weak shocks. Additionally, by using a single component

method, there will be unavoidable smearing of the interface.

3.8 Atmosphere treatment

One major problem with numerical evolutions of compact objects is how the
surface is treated, and how we deal with the vacuum region beyond. Ideally
we would want a NS model to include the outer regions, the crust, envelope
and atmosphere, as described in section 1.2. If these could be included in a
simulation, then the correct physics might be modelled at the surface. This
is not necessarily straightforward for a model which includes the entire NS,
however, especially for the thin regions (considering the argument given in
section 3.7). In practice, current NS simulations assume that the region near
the surface of the NS is composed of the same matter as the rest of the star.
Therefore the surface will be determined purely by the point at which the
density and pressure drop to zero. Here the assumption has been made that
outside the star there is vacuum which, for most scenarios involving a cold NS,
is reasonable.

Vanishing density and pressure can present several issues computationally,
e.g when converting from conserved to primitive variables as described in sec-
tion 2.7. Close to the surface, the magnitude of these variables means that
small errors can lead to unphysical values for these variables, e.g. negative
density or pressure. This can then lead to further unphysical behaviour which
propagates into the star.

Currently no satisfactory techniques have been developed to tackle the
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errors resulting from the surface in a physical manner. Here we use a stan-
dard treatment which, in many cases, does not have a significant effect on the
behaviour of the system. An artificial atmosphere is imposed in the vacuum
region of the star, as used in e.g. [54, 140, 142], and hence we remove the issues
of vanishing quantities. This treatment typically involves setting a (constant)
low density, static and polytropic atmosphere. In many cases this has been
found to produce good results for reasonably long simulations. The artificial
nature of this atmosphere can, however, lead to many undesirable effects. It is
obvious that by adding additional matter to the exterior of the star, it is being
moved away from true hydrostatic equilibrium. This can lead to matter ac-
creting onto the star, and if this accretion is large enough then this will lead to
unphysical behaviour. It has been found that if the atmosphere is a sufficiently
small proportion of the central pressure, p., then the effects are negligible over
many dynamical timescales of the star. Typically in this work we select an
atmosphere pressure pygm ~ 1072p.. At the start of every timestep within
an evolution, the atmosphere is then reset to this constant level. This means
propagation of behaviour from within the atmosphere into the star is limited.

In addition to the issues with accretion onto the star, the behaviour of a
perturbed star at the surface is not going to be accurately reproduced using
the atmosphere technique. In the models used in this thesis, the surface of
the star can be thought of as a boundary between fluid and vacuum, therefore
whatever treatment is used should model these conditions. In the absence
of satisfactory boundary conditions, we therefore cannot guarantee that there
will be no unphysical reflections from the surface, or information lost into the
atmosphere (which is indeed major issues in many simulations). It is possi-
ble that through use of level set techniques and appropriate Ghost Fluid-like
boundary conditions that some suitable genuine vacuum surface may be able to
be implemented. Some initial attempts to produce such a boundary condition
were attempted, however these were not successful. Further considerations as
to how this can be achieved in terms of the future work that may result from

this thesis will be discussed in section 6.1.



Chapter 4

Results

In this chapter we present the results for modelling interfaces in relativistic
hydrodynamics using the techniques outlined in the previous section. To en-
able better interpretation of the results from these relativistic scenarios, we
first consider some reference solutions in Newtonian hydrodynamics. We then
present the initial tests of the Ghost Fluid Method in SR, and then move on
to a simple 2-component star in GR. Many of the results presented in this
section are published in [135]. All plots in this chapter show tests in which a
MUSCL scheme has been used with MC limiter to make the reconstruction,
HLLE or the Marquina solver to obtain the fluxes and a RK2 time evolution,
unless otherwise stated. Furthermore, the presence of a solid line in all plots
in Newtonian physics and SR represents an exact solution, unless otherwise
stated.

4.1 Preliminary results for Newtonian hydro-
dynamics

In order to test the Ghost Fluid Method in relativistic situations, it is im-
perative that we have some techniques available to gain both qualitative and
quantitative analysis for the accuracy of the results. In section 2.4.3 we de-
tailed how the Riemann shock tube problem was one of the few cases for which
there was an exact solution for the ideal fluid evolution equations in SR. To
fully test the Ghost Fluid Method in relativistic situations, however, further,

more demanding tests must be considered, and these will not have exact so-

133
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lutions. A qualitative analysis of the success of the relativistic Ghost Fluid
Method can still be achieved in these solutions through the consideration of
analogous cases in Newtonian hydrodynamics. This section details these re-
sults, obtained through an implementation of the original Ghost Fluid Method.
All tests in this section are set up on a domain z € [0, 1].

Many results we will show in this chapter are based on the Riemann shock
tube problem. It is therefore instructive as a first result to simply display the
solution to a classical one component Riemann problem. In addition to this, it
is useful to ensure that the fluid evolution equations are correctly implemented.
The chosen test is often referred to as Sod’s test problem [188], and is a test
designed to produce a clear example of all three wave types that result from a
Riemann problem, the rarefaction, shock and contact discontinuity.

The initial data for this test gives left and right states, q; and qg, by

{ £o ) v ) p ’ T (411)

po = 0.1, v= 0, p= 0.125 z > 0.5

The test is run to a final time of 0.2 for an ideal fluid with v = 1.4.

Results from this test are shown in figure 4.1. We see from this test that all
features, the rarefaction, shock and contact discontinuity have been correctly
positioned, and the latter of which appears only in the density profile. This
test shows very clearly the smearing issues that the numerical techniques for
a single component fluid suffer from at a contact discontinuity. We also note
that the location of the shock has been captured correctly without oscillatory
behaviour for the two resolutions shown due to the use of HRSC methods.
As expected, the results converge towards the exact solution with increasing

resolution.

4.1.1 Motivation for use of the Ghost Fluid Method

The test shown in the previous section shows the smearing inherent within
single component fluid models. The major problem, however, with modelling
a fluid system as a single component comes when we desire different regions to
be governed by individual EOSs. In such a system, we will need to introduce an

additional equation which governs the movement of these different regions. The
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Figure 4.1: Results for the Sod test. Two resolutions are shown, 200 cells
and 800 cells, though for each resolution, only 100 cells are shown. All three
expected features, the rarefaction, shock and contact discontinuity, are clearly
identifiable, and correctly located. This test shows the smearing that single
component simulations have around contact discontinuities. We do, however,
see that there is convergence with resolution for all features, as desired.
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obvious choice of such an equation is a “colour function”, as detailed in [123],
which, for an ideal fluid, would simply give the value of v as a function of time
and space. In the situations we consider, the interfaces between regions behave
as contact discontinuities, therefore the colour function is simply governed by

an advection equation,

O (po (z, )y (z, 1)) + 0; (po (x,8) v (z, t) V' (z,¢)) = 0. (4.1.2)

Here we investigate a simple situation where the only physical feature is
this interface, visible through the corresponding jump in density. A non-trivial
velocity is introduced, hence the interface should simply be advected with this
fluid. This test is known to be physically stable, hence any failure within the

solution must be numerical. The initial data for this test is

po =1, v= 0.1, p= 2, r <0.5
) ;’ (4.1.3)
po =3, v= 0.1, P % x> 0.5
with the colour function given by
(z) g x <0.5 (4.1.4)
x) = 1.
7 % x> 0.5

Figure 4.2 shows the results for the colour function at a time ¢t = 0.2. It is
clear that even after this short time, severe problems have occurred with the
solution. Around the interface in all three primitive variables large oscilla-
tions have been introduced. Furthermore, there is no clean convergence with
resolution, hence this technique can not be used to get accurate results.

The reasons for this failure have been documented in e.g. [6]. As men-
tioned previously HRSC methods introduce some level of smearing, particu-
larly around a contact discontinuity. This smearing will be apparent in the
colour function, and hence effectively “mixes” the two fluid types. How this
mixing occurs will in some way depend on the resolution of the model, but is
unavoidable. This numerical (and hence unphysical) mixing leads to spurious
generation of entropy at the interface, hence the method is not thermodynam-

ically consistent. It is this inconsistency that leads to the formation of large
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Figure 4.2: The failure of using the colour function (4.1.4) to model a stable
moving contact discontinuity. This plot shows the results for two resolutions,
200 and 800 cells, after a time ¢t = 0.2. It is clear that spurious non-convergent
oscillations have been introduced after this short time, hence the colour func-
tion has failed to model the correct physical behaviour of the interface.
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errors as shown in figure 4.2. Some of the alternative techniques for modelling
multicomponent fluids discussed earlier, e.g. [207], lead to thermodynamically
consistent methods to deal with the change in EOS. The issue with the loss of

accuracy due to the smearing of the interface remains in this case however.

4.1.2 The Newtonian Ghost Fluid Method

The first reference solution we will show using the original Newtonian Ghost
Fluid Method uses the same initial data as in (4.1.1), but we introduce a
“trivial” interface, i.e. separating two fluid components with the same EOS.
Therefore in order to include the initial discontinuity at x = 0.5, we include a
level set function

¢ =x—0.5. (4.1.5)

The results of this test, shown in figure 4.3, can be compared directly to fig-
ure 4.1 and show the same behaviour for the shock and rarefaction. In this
case, use of the Ghost Fluid Method means the contact discontinuity no longer
smeared. We see convergence towards the exact solution across almost the en-
tire domain. We do, however, see an undershoot in the density profile at
the contact discontinuity. This is an artifact of combining the Ghost Fluid
Method with initial data which is not in some equilibrium state across the
interface, which results in the technique introducing an artificial ‘overheating’
error [67, 68]. This can be overcome through the application of the ‘isobaric fix’
discussed in these references. This technique, for an interface located within
the cell x;, uses the entropy from cell z; 5 to make the constant extrapolation,
but otherwise is the same method discussed in section 3.7.4. The situations
we consider within this thesis, beyond the initial tests, do not consider such
initial data, hence we do not implement the isobaric fix. We can show that

this is not necessary through a further test.

The test we shall consider here is an isolated shock hitting an interface. This
was used to test the Ghost Fluid Method in the original paper [67], as “Test

B”. In this test, we introduce a “genuine” interface, in which the EOS changes.



CHAPTER 4. RESULTS 139

200 Points 800 Points

>
=t
]
[
(O]
a)

>
=1
(&)
o
(]
>

| | | | | | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

(O]

-

=)

0

n

(O]

-

o

0 | | | | 0 | | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X

Figure 4.3: Results for the Sod test with an “artificial” interface initially po-
sitioned at z = 0.5 such that the initial data is equivalent to that in (4.1.1).
These results should therefore be compared to figure 4.1. We see the same be-
haviour for the shock and rarefaction, as expected. The contact discontinuity
is now been captured perfectly. There is, however, a clear undershoot either
side of the contact discontinuity. This is not a physical effect, and is in fact
due to the overheating errors experienced by methods such as the Ghost Fluid
Method. Resolutions of 200 and 800 cells are shown, and only 100 cells of each

resolution are shown.
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The initial data is given by

po= 13333, v= 0.3535v/10°, p= 15 x10°, x < 0.05

po= 1, v= 0, p= 1x10°, 0.056<x<0.5

po= 0.1379, v= 0, p= 1x10°, x>0.5
(4.1.6)

with the jump in EOS given by

— 14 0.5
{7 s (4.1.7)

v= 167, x>05

The level set function is therefore initialised to (4.1.5). This test is run to a
time ¢ = 0.0012.

Results for an isolated shock hitting an interface are shown in figure 4.4. For
such a test it is expected that once the shock has hit the interface then some
of it will be transmitted through the interface, and some will be reflected as
a rarefaction wave, along with the interface moving as a result of this inter-
action. This is clearly apparent in the results, which can be compared to an
exact solution. This comparison is possible since the instant the shock hits
the interface we have a Riemann problem with two constant left and right
states. As expected, in this test, we do not suffer the overheating issues at
the interface, hence we do not see the undershoots. As a result, we see con-
vergence towards the exact solution everywhere. It is, however, clear that at

lower resolution, the shock has not been captured very tightly.

A final reference test we shall consider is one for which an exact solution
does not exist. The test we consider is, however, also considered in [207],
hence we can ensure that our implementation of the Ghost Fluid Method
gives comparable results. This test is set up such that an isolated shock hits
a slab of lower density material. The behaviour in this test is more complex
since the presence of two interfaces means the transmitted and reflected waves
can interact with other interfaces and with each other. In addition to this,

since the slab is of lower density, we would expect the impact to both move
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Figure 4.4: Results for the “Test B” from [67] in which an isolated shock hits
an genuine interface. We see the shock transmitted through the interface as
well as the reflected rarefaction. The interface has been captured sharply, and
the undershoots seen in figure 4.3 are no longer present due to the equilibrium
across the interface in the initial data. We also see that at the lower resolution,
the capturing of the shock is not particularly tight. Resolutions of 200 and
800 cells are shown, and only 100 cells of each resolution are shown.
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and compress the slab. The initial data for this test is

po= 13795, v= 0.3948, p= 1.57, xr < 0.25
=1 =0 =1 025 <x<04
£o ’ v ) p ) =T (418)
po= 0.138, v= 0, p= 1, 04<2<0.56
po= 1, v= 0, p= 1, x> 0.6
with the EOS parametrised by
v= 14, xr <04
v = 1.67, 04<z<06 . (4.1.9)
v= 14, x> 0.6
The level set function is initially given by
¢»=0.1—]z—0.5] (4.1.10)

and the test is run to time ¢ = 0.3.

The results for an isolated shock hitting a low-density slab of material are pre-
sented in figure 4.5. The movement and compression of the slab are instantly
obvious. The leading shock transmitted through both interfaces, and rarefac-
tion from impact with the first interface are apparent. In addition, complex
behaviour due to interactions between the further reflected and transmitted
features is clearly apparent. Comparison to the original presentation of this
test in [207] shows that this behaviour has been correctly modelled. It can
also clearly be seen that the various features are more pronounced and accu-
rately captured at higher resolution, with convergence towards some solution.
In figure 4.6 results for a low-resolution simulation (100 cells) of this test are
shown. This allows every point to be seen, hence we can ascertain that there
are no features being missed by a ‘selection effect’ of the reduced sample of
points shown in previous figures. This test was chosen to show this since due
to its more complicated nature, we see that there are no issues with unphysical
behaviour being generated for the Ghost Fluid Method in Newtonian physics.
In this figure, we have also included the specific internal energy, €, since errors

are often prominent here.
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Figure 4.5: Results for the “Test B” (as documented in [207]) in which an
isolated shock hits a slab of low-density material. The leading transmitted
shock and reflected rarefaction as a result of the initial shock hitting the two
interfaces are apparent. There are many more details that can also be seen as
a result of further interactions of shocks and rarefactions with the interfaces.
The slab has moved from its initial location and contracted as a result of these
effects. Resolutions of 200 and 800 cells are shown, and only 100 cells of each

resolution are shown.
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Figure 4.6: The results for a shock hitting a slab of material at a resolution
of 100 cells. This allows us to see every cell, to ensure that there is no hidden
behaviour missed in the higher resolution tests. We see the expected reduction
in accuracy with which the features are captured. However, we also see there
are no features that are hidden due to a selection effect in previous plots for
the original Ghost Fluid Method.
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4.2 The Ghost Fluid Method in special rela-
tivity

In this section we present the results from extending the Ghost Fluid Method
to SR. We first consider some simple tests for which exact solutions exist, hence
we can ensure that the correct results are being obtained. Since exact solutions
typically only exist for comparatively simple situations, in order to fully test
the robustness of the method, we will also consider some more complicated
tests (such as an analogy of the “slab test” shown in figure 4.5). We will use
these tests to both investigate how the Ghost Fluid Method copes in these
non-trivial situations, and also to investigate some of the known sources of
error that were identified for the Newtonian method, such as those suggested
in [125, 126]. In this section, unless otherwise stated, tests are carried out on

a domain z € [0,1].

We will begin by ensuring that the Ghost Fluid Method can be used to model
a Sod-type test in the same manner as given in figure 4.3. This test again has

initial data

£o ) v ) p ) T (421)
po = 0.1, v= 0, p= 0.125, x> 0.5
and the initial level set function by
¢ =x—0.5. (4.2.2)

We use a fluid with v = 1.4 and the test is now run to a time t = 0.5 to reflect

the differences in the scales between Newtonian and relativistic situations.

Figure 4.7 shows the results of this Sod-type test in SR. For this test, we can
clearly see that the features have been correctly positioned, and that these
are converging towards the exact solution with resolution. As with the Newto-

nian Ghost Fluid Method, the overheating errors at the interface are apparent.

True tests of the Ghost Fluid Method will require a genuine interface over

which the EOS changes. For the remainder of this section we will therefore
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Figure 4.7: Results for a Sod-type test with an
as shown for an analogous Newtonian case in figure 4.3. Comparison with
the exact solution reveals that the features have been correctly captured with
similar undershoots observed due to the discontinuous initial data. Resolutions
of 200 and 800 cells are shown, and only 100 cells of each resolution are shown.
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focus solely on such cases. The first test to consider is still comparatively
simple, and will investigate whether the Ghost Fluid Method really does have
advantages over a single component model. To achieve this we recreate the
scenario shown in figure 4.2, the advected contact discontinuity. For the Ghost
Fluid Method to be viable in SR, it must be able to model this situation
without introducing oscillations and maintaining a sharp contact discontinuity.
The initial data will be the same as in (4.1.3),

{ Po 17 v ; p :2;7 x (423)
po = 3, v= 0.1, p= % x> 0.5
with ~ initially given by
= 2 <05
» ¥ (4.2.4)
Y= 3, x>0.5
and the level set, as in (4.1.5), by
¢ =x—0.5. (4.2.5)

This test was run to a final time ¢t = 2.

The results for the moving contact discontinuity in SR are shown in figure 4.8.
The results in the left panels are plotted at t = 0.2, allowing for a direct com-
parison can be made to figure 4.2, where we saw the failure of this test in
single component Newtonian model. The simple nature of this test, in which
the pressure balance throughout the system means that the advection of the
contact discontinuity is the only behaviour expected, hence this direct com-
parison between the two cases can be made. Here we see that by using the
Ghost Fluid Method, no oscillations have been introduced. We also see that
at later times, ¢t = 2, the interface has been advected with the correct velocity,

v = 0.1, hence now lies at x = 0.7.

In order to ensure that the interface has indeed been correctly located by the
level set function, figure 4.9 shows a zoomed region of the density profile of

this moving contact discontinuity test at ¢ = 2. For all resolutions shown, it
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Figure 4.8: A moving contact discontinuity for a multicomponent fluid in SR
for resolutions of 200 and 800 cells. The left hand set of plots for this test
can be compared to figure 4.2, where the results are plotted at the same time
t = 0.2. It is clear that the oscillation experienced by the single component
model are no longer present. The right hand set of plots shows the same set
of variables plotted at the later time t = 2. We can see that even at this late
time, no oscillations have been introduced.
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Figure 4.9: Focusing on how accurately the contact discontinuity is captured
for a moving contact discontinuity in SR. This is a zoom in on the t = 2
density profile shown in figure 4.8. We can see that there have been no issues
in capturing the position of the interface correctly and without oscillation.
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is clear that this position has been correctly located, with no oscillatory be-

haviour introduced.

The success of the Ghost Fluid Method in these preliminary tests means we
now want to consider tests in which the fluid does not have constant velocity
and pressure everywhere hence some evolution of the fluid variables will occur.
In particular we focus on some examples of the Riemann problem in SR. In
these cases, we will see that the Ghost Fluid Method suffers from the overheat-
ing issues at the interfaces, hence the undershoots seen in e.g. figure 4.7, will
again be present in many of these tests. Despite this, these will still be valu-
able for testing the SR Ghost Fluid Method since, as detailed in section 2.4.4,
exact solutions exist for these Riemann problem cases, we can still determine

if the resultant waves are correctly captured.

The first test we consider is formulated such that it results in two rarefaction

waves moving in opposite directions. This test has initial data

{ Po ) v 0 37 p ) r <0 (426)

po =1, v= 0.3, p= 1, x>05

The EOS is parametrised by (4.2.4), and level set function given by (4.2.5), as
was used for the moving contact discontinuity case. This test is run to time
t=0.4.

The results for the Riemann problem with two rarefactions moving away from
each other are shown in figure 4.10. It is clear that the positions of both
rarefactions have been correctly captured (note that the speed which the rar-
efactions themselves move is not equal due to the differences in EOS in each
component), and the accuracy of the solution increases with resolution. As
with the previous test, we will focus on the region around the contact disconti-
nuity to ensure that its position has been located correctly without introducing

oscillatory behaviour.

A zoomed view of the contact discontinuity in this test is shown in figure 4.11.

The undershoots caused by the overheating are clearly apparent, but no other
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Figure 4.10: A Riemann problem in SR in which two rarefactions are formed
by two fluid components initially moving away from each other. We see that
both rarefactions and the contact discontinuity have been correctly captured,
and that the accuracy of the solution increases with resolution. For clarity
only 100 cells of each resolution have been used.
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Figure 4.11: The density profile around the contact discontinuity for the SR
Riemann problem in which two rarefactions move away from each other, as
shown in full in figure 4.10. We see that the jump in EOS means that the
contact discontinuity moves slightly from its initial location.

unphysical behaviour.

A similar Riemann problem can be considered in which two shock waves move
away from each other. This will test whether the Ghost Fluid Method can be
used with the HRSC methods employed to capture shocks without oscillation.

Initial data is similar to that given in the previous test,

=1 = 0.3 =1 < 0.5
{ £o ) v ) p ) x (427)

po =1, v= —0.3, p= 1, x> 0.5

and again the value of v is given by (4.2.4), the level set function by (4.2.5)
and the test is run to t = 0.4.

The results for this test are shown in figure 4.12. We see that the position of
the shocks is correct, and that the accuracy with which the shocks are cap-
tured increases with resolution. Similarly the contact discontinuity has been
correctly located, and shows the expected overheating error. It is again worth

focusing on the region around the contact discontinuity to ensure that the ac-
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Figure 4.12: Results for a Riemann problem in SR in which two shock waves
are moving away from each other (reflected off of each other). The shock
position has been captured accurately without introducing oscillations, and
the accuracy of the results increases with resolution. For clarity, only 100 cells
of each resolution are shown.
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Figure 4.13: The density profile around the interface for the test in which two
shock waves move apart from each other, shown in full in figure 4.12. We see
that aside from the expected overheating errors, there have been no issues with
capturing the position of this feature.

curacy with which it is captured genuinely does improve with resolution.

In figure 4.13 we see the contact discontinuity has been correctly captured
for the test in which two shock waves move apart. It is also apparent that
there are no oscillations introduced at the contact discontinuity, with the only
non-convergent error from the overheating discussed previously.

It is also worth ensuring that the SR Ghost Fluid Method experiences no
issues in dealing with the two shock waves in this test. This will ensure that

the HRSC methods are working correctly.

The behaviour around the two shock waves is shown in figure 4.14. We see
that in all cases the shocks are captured over about four grid cells due to the
use of HRSC methods. There are also no unexpected oscillations introduced at
the shocks, showing the slope-limiting techniques employed are working suc-

cessfully.

We now consider a test for which will induce more significant movement of
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Figure 4.14: The density profile for the two shocks produced for the SR Rie-
mann problem with initial data given by (4.2.7). The ability of the HRSC to
capture the shocks over only a few grid cells is clearly visible. As a result, the
accuracy with which these shocks are captured increases with resolution. We
can also see that there is no severe oscillation at either of the shocks.
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the interface between the two fluid components. This test is an analogy in
SR to figure 4.4 (“test B” from [67]), where this scenario was presented for
the Newtonian Ghost Fluid Method. As with this previous test, we set up
an isolated shock moving towards an interface. Again the exact solution can
be obtained by considering the Riemann problem that arises the instant the

shock hits the interface. The initial data for this test is given by

po = 1.3346, v= 0.1837, p= 1.5, x < 0.05
po= 1, v= 0, p= 1, 0.05 <z <0.5
po = 0.1379, = 0, p= 1, x>0.5
(4.2.8)
and vy by
{ vy= 14, x < 0.5 . (4.2.9)
v = 1.67, x>0.5

Since the interface is again positioned at x = 0.5, the level set function is again
given by (4.2.5). The initial data for the isolated shock is given by solving the
equations given in section 2.4.3 for given pre-shock variables and post-shock

pressure. The test is run to time ¢t = 1.

In figure 4.15 we show the results for an isolated shock hitting an interface.
As with the Newtonian case shown in figure 4.4, we see that some of the shock
wave has been transmitted through the interface, and some has been reflected
as a rarefaction wave. It is also clear that the effects of the shock hitting the

interface have moved it from its initial position of x = 0.5.

In order to ensure that the movement of the interface has been accurately
captured when a shock wave hits an interface, we show a zoomed region about
this feature in figure 4.16. Aside from showing that the interface movement
has been correctly captured, we see that there are no undershoots for this test.
This is a result of the interface in the initial data being in some equilibrium

configuration, hence the overheating errors do not arise.

In figure 4.15 the magnitude of the rarefaction is too small to ascertain that
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Figure 4.15: Results for an isolated shock hitting an interface. This test is
an SR analogy of the results shown in figure 4.4. The transmitted shock is
very clear in the velocity and pressure profiles, and hence we can see that
there is convergence with resolution. The rarefaction is significantly smaller
in all plots, but still clearly visible. The position of the contact discontinuity
is shown by the dashed line. For clarity, only 100 cells of each resolution are
shown.
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Figure 4.16: A density plot for the region around the interface in a test in
which an isolated shock has hit an interface in SR, as shown in figure 4.15.
It is clear that the position has been accurately captured. We can also see
the effects of beginning the simulation with the interface in an equilibrium
configuration has resulted in there being no overheating issues, hence there
are no undershoots present.
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Figure 4.17: The pressure plots zoomed on the shock and rarefaction for the
test shown in figure 4.15 in which an isolated shock hits an interface. In the
left panel we see that there is convergence towards the exact solution for the
rarefaction (which, in figure 4.15, is too small to allow any definitive statements
about convergence to be made). We also confirm that there is convergence for
the shock too, along with no additional oscillatory behaviour.
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the simulation is converging to the exact solution. In figure 4.17 we zoom in
on this region, as well as that around the shock wave (for the pressure only,
since the rarefaction is most prominent for this variable, though any variable
could have been used). We see the convergence towards the exact solution for

both waves, and also that there is no oscillatory behaviour around the shock.

The tests shown so far suggest that the Ghost Fluid Method successfully ex-
tends to SR. The velocities in these plots have all been only mildly relativistic.
We therefore now present a test very similar to that shown in figure 4.15,
with an isolated shock hitting an interface, but with highly relativistic veloc-
ities. This will test the Ghost Fluid Method in the regime in which standard

Newtonian physics is no longer suitable. The initial data for this test is

po = 10.2384, v= 0.9411, p= 50, x < 0.05
po= 1, v= 0, p= 1, 0.056 <z <0.5
po = 0.1379, v= 0, p= 1, x> 0.5

(4.2.10)
with the parametrisation of the EOS given by (4.2.9), and level set function
by (4.2.5). The high velocities in this test mean that we will use a domain

of z € [0, 3] and run to a time ¢ = 2 to ensure that all features are identifiable.

In figure 4.18 we show the results for a highly relativistic shock hitting a contact
discontinuity. The same qualitative features are seen as in figure 4.15, where
we have a similar test with lower a velocity shock, we see there is still a reflected
rarefaction wave and transmitted shock. The high velocity in this test does
however lead to some complications. In setting up an isolated shock, there
is, due to discontinuous initial data, start-up error present (as happens at the
contact discontinuity for previous tests), which follows with the shock velocity,
vs. This error is documented in [123], and, for the shocks so far considered
in figures 4.4 and 4.15, has been to small to be an issue. Unfortunately, for
this highly-relativistic shock, this initial error is non-negligible, and follows the
shock very closely.

If there is sufficient separation between shock and start-up error then it
can be manually removed, since all variables in the post-shock region are con-

stant. We can also see in figure 4.18 that the coordinate distance between the
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Figure 4.18: The results for a highly relativistic shock (v ~ 0.94) hitting an
isolated contact discontinuity. The effects of this high velocity show that when
compared to figure 4.15, in which the velocity was much lower, the coordinate
distance between the transmitted shock and the interface is much smaller. The
necessity for the extended domain in this test is evident by the extent of the
movement of the interface from its initial position at = 0.5. For clarity, only
200 cells of each resolution are shown.
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interface and the transmitted shock is small. Therefore if the start up error is
not removed then this small distance means that it interferes with the inter-
face, giving an unreliable result. In order to distinguish, and hence remove,
the start-up error, we must therefore run these simulations at high resolution,
hence we have shown plots for 2000 and 4000 cells. It is important to note
that this is a purely numerical issue, and would not occur with realistic initial
data. We therefore see that the Ghost Fluid Method has continued to work in

highly relativistic situations.

All tests so far have been chosen specifically since exact solutions are available
and as a result, the behaviour seen has been fairly simple (from a physical
point of view, even the highly relativistic test shown in figure 4.18 is simple,
though this is not the case when considering it from a numerical point of
view). A further test will now consider a situation in which we will see more
complex behaviour. Since an exact solution will not be available for such a
test, we will use an analogous test in Newtonian physics to ensure that the
correct behaviour is observed. We therefore base this next test on the isolated
shock hitting a slab of low-density material, as proposed by [207] and shown
in figure 4.5. The initial data for this test is

po = 1.37795, v= 0.17933, p= 1.57, x < 0.25
po= 1, v= 0, p= 1, 0.25 <x<0.45
po = 0.138, v= 0, p= 1, 0.45 <z <0.55
po= 1, v= 0, p= 1, x > 0.55
(4.2.11)
where 7 is given by
v = 14, r < 0.45
v = 1.67, 0.45 <z <0.55 (4.2.12)
v= 1.4, x > 0.55

and the level set function by
¢ = 0.05 — |z — 0.5]. (4.2.13)

This initial data is not directly comparable to that used in the original Newto-
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nian test, given by (4.1.8). In order to see the full range of behaviour, so that
comparison can be made to figure 4.5, without the low-density slab leaving the
domain, we found it was necessary to decrease the width of this slab. The test

1s run to time t = 0.8.

The results for an isolated shock hitting a low-density slab of material are
shown in figure 4.19. Comparison to the Newtonian version of this test, fig-
ure 4.5, shows that the visible behaviour in this test is as expected. There
are two clear reflected rarefactions and a large transmitted shock, along with
a smaller, but still visible, second transmitted shock. It is clear that the mag-
nitude of the behaviour resulting from further interactions between waves and
the interface is too small to be fully identified in this plot. The expected move-
ment and contraction of the slab is also apparent, and we see that for this more

complex test, we still have convergence as resolution increases.

The finer behaviour which cannot be seen in figure 4.19 is shown in figure 4.20
where, to allow for accurate identification of all features, we have used in-
creased resolution of 800 and 1600 cells. This shows that the same range of
behaviour seen in the Newtonian version of this test is still apparent. Due to
the magnitude of these features, the scales we consider also show the slight
oscillatory behaviour that we would expect within a numerical simulation. In
all other tests, at this scale, we would see this feature (both in the Newtonian
and relativistic results), and it is not a source of worry for the Ghost Fluid
Method in SR. In figure 4.21 we show results for this test at a lower resolution
of 100 cells. As in figure 4.6, this ensures that no behaviour is missed as a
‘selection effect” due to showing only a sample of points in higher resolution
figures. Again we show specific internal energy, , and can see in all cases, the

features are not showing unexpected behaviour.
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Figure 4.19: Results for an isolated shock hitting a slab of low-density material
in SR. Two reflected rarefactions and the leading transmitted shock are clearly
visible. A second transmitted shock, though much smaller in magnitude, is still
visible. Comparing to figure 4.5, we see that these major features are expected.
We can see that the slab has been both moved and compressed when compared
to the initial data. Convergence as resolution increases is apparent. For clarity,
only 100 cells of each resolution are shown, and here, the solid line represents

a reference solution with 6400 cells.
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Figure 4.20: Zoomed results for the isolated shock hitting a slab of low density
material, shown in full in figure 4.19. Higher resolutions of 800 and 1600
cells have been used to ensure the small magnitude behaviour is now clearly
visible. The oscillatory behaviour we observe is expected due to the numerical
simulation, and, due to its magnitude, not a severe issue.
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Figure 4.21: The results for a shock hitting a slab of material at a resolution of
100 cells in SR. As with the Newtonian analogy, figure 4.6, we are able to show
every cell for this test, and ensure that there is no behaviour missed by not
showing every cell in previous plots. This shows that the Ghost Fluid Method
is not introducing any spurious error in SR. At this resolution, the smearing
of the level set function leads to a narrower slab than expected at this time.
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4.2.1 Comparison of reconstruction methods for the Ghost

Fluid Method in special relativity

The tests shown so far have used only MC Limiter as a reconstruction tech-
nique. In order to fully test the versatility of the Ghost Fluid Method, it is
useful to consider how it performs under other techniques. We therefore will
compare results using MC limiter, described in section 3.4.2, with those using
PPM in section 3.4.3. We do not use minmod in any tests in this section,
although practically it was found to give comparable results to MC limiter,
but non-linear features suffered a greater degree of smearing. In order to high-
light the differences between these two methods, we select tests for which the
Newtonian Ghost Fluid Method is known to have issues. These issues arise
from cases in which the entropy gradient is not constant across the interface.
The zeroth order extrapolation of entropy implemented by the Ghost Fluid

Method therefore leads to the introduction of errors.

To compare the two methods (MC limiter and PPM) we ideally need situ-
ations in which an exact solution exists. Unfortunately, cases in which the
entropy gradient changes across the interface are not abundant. One of the
few such cases we are able to consider is, in many ways, similar to the moving
contact discontinuity test shown in figure 4.8. This test, suggested by [129],
uses an advected sine wave, allowing entropy to remain continuous across the

interfaces, but with non-zero gradient. The initial data for this test is

po= 1, v= 0.5, p= 1, r < 0.16

po= 1+0.3sin(50(x —0.16)), v= 0.5, p= 1, 0.16 <z < 0.537

po= 1, v= 05, p= 1, x > 0.537
(4.2.14)

with EOS parametrised by

v= 14, r <0.16
v= 167, 0.16 <z <0.537 (4.2.15)
N = 14, x> 0.537
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Figure 4.22: The density profile for the advected sine wave test for a 200 point
resolution. The solid line shows the exact solution. It is clear that PPM (shown
in the right panel) has more accurately captured the features of the sine wave.
Both methods, however, suffer at the interfaces, with large errors introduced
due to the entropy gradients. The dashed line indicates the location of the
interfaces.

and the level set function by

¢ = 0.1885 — | — 0.3485) . (4.2.16)

This test is run to a time ¢ = 0.4.

Figures 4.22 and 4.23 show the results for the advected sine wave test. Only
the density is shown in these plots since the continuous velocity and pressure
across the entire domain leads to the correct, and trivial, solution for these
variables. The issues the Ghost Fluid Method suffers from the large entropy
gradient across the interface is clear in these plots. There is a large error at the
interfaces which does decrease with resolution, but not rapidly (the oo-norm
of this test was calculated to be order 0.7 for both methods). Although the
Ghost Fluid Method does suffer this source of error, no oscillatory behaviour
is introduced. The differences between MC limiter and PPM are clearly ap-

parent in the 200 point test, in which the accuracy with which the maxima
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MC Limiter PPM

Density

Figure 4.23: The density profile for the advected sine wave test for an 800
point resolution. Again the solid line shows the exact solution and the dashed
line indicates the location of the interfaces. Both methods now capture all
features of the sine wave well. The errors at the interfaces have clearly been
reduced due to increase in resolution, but still exist.

and minima of the sine wave are captured is clearly better with PPM. We also
note that the magnitude of the error at the interfaces is (slightly) smaller when

using PPM, but the order of convergence is no higher.

We now present a test in which there is evolution of the fluid variables in a
situation in which there is a change in entropy gradient across the interface.
This is a shock-tube type test, in some ways similar to the Riemann problem
though the density profile in the right state is a sine wave, rather than constant.
This “perturbed” shock tube test, proposed by [56] and used by e.g. [52], has

initial data

= 5 = 0 = 50 < 0.5
£o ’ . v ) p y xz (4217)
po = 2+ 0.3sin (50z), v= 0, p= 5, x> 0.5
with v given by
= 14 < 0.5
7 . (4.2.18)
v= 167, x>05
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and the level set function by
¢ =1z —0.5. (4.2.19)

This test was run to a time ¢ = 0.35.

We show the results for the perturbed shock tube test for 200 cells in figure 4.24
and for 800 cells in figure 4.25. Since we cannot obtain an exact solution for this
test, we instead include a very high resolution simulations, with 12800 cells,
to check the solution converges as resolution increases. We see that, as in the
previous test, PPM captures the features of the sine wave more accurately,
though at high resolution, neither method struggles to resolve these features.
Again the sharp entropy gradient at the interface has lead to errors here,
which slowly converge, but are still present in the 800 point simulations. No
spurious oscillations have been introduced however, it is be noted that the
slight oscillatory behaviour which can be seen between the rarefaction and

shock is indeed physical.

4.3 The Ghost Fluid Method in general rela-
tivity

The results in the previous section have shown that the Ghost Fluid Method
can be successfully extended to SR. For it to be useful in modelling of neutron
stars, we now need to show that it works in full GR. Here the tests are designed
primarily to test the Ghost Fluid Method, rather than investigate physically
relevant situations. Therefore the criterion for determining these test cases was
for all effects of the interface to be obvious in the analysis of the results. As
a result we will make no statements about the behaviour of multicomponent
neutron stars based on these results.
In all tests in this section we can use the Hamiltonian constraint, as given
in section 2.2.3,
9@ _ 2 ppr + D — - (4.3.1)
a r
to obtain a measure of the error introduced into the system. We can either

look at a snapshot to gauge where errors are most prevalent within a star, or
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Figure 4.24: Results for the perturbed shock tube test for MC limiter and
PPM at a resolution of 200 cells. The solid line represents a reference solution
of 12800 cells. We see that all features have been correctly located in this
test. The greater accuracy of PPM in capturing the features of the sine wave
is again apparent, as is the error at the interface due to entropy gradient.
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Figure 4.25: Results for the perturbed shock tube test for MC limiter and
PPM at a resolution of 800 cells, again the solid line represents a reference
solution of 12800 cells. All features are now well captured, and a decrease in

the error at the interface is visible.
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Figure 4.26: The density and pressure profiles for a stable TOV star at time
t = 1000. We see that the central density has remained at its initial value of
pe = 1.28 x 1073. We have used a resolution of 1280 cells for this test.

use the norms of the error in the Hamiltonian constraint to test the conver-

gence of the entire evolution.

In order to analyse the results obtained from these tests, we will first show
a reference solution for an initial star configuration known to be stable. We
choose a typical polytropic approximation to a NS (that is it has a mass of
about 1.4M, and radius about 10 km) obtained by solving the TOV equations
given in section 2.6 for a given central density, po (t = 0,7 = 0) = p., v and K.

The initial data required for such a star is
pe=1.28 x 1072, v =2, K = 100. (4.3.2)

This configuration provides a physically stable star, hence can also be used
to ensure that the GR evolution code has been correctly implemented. In or-
der to ensure that the evolution equations have been implemented correctly
we must simulate it over several dynamical timescales (for this case we have
tayn ~ 150). We therefore run this test until time ¢ = 1000.

The density and pressure profiles for a stable single component star at time

t = 1000 are shown in figure 4.26. We see that the central density retains
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its initial value given by (4.3.2) and that there is no unexpected behaviour

apparent in the star.

In order to ensure that this test is working correctly we must consider con-
vergence results, shown in figure 4.27. The numerical methods used in this
section should yield second order convergence of the results. The top panel of
this figure shows the error in the Hamiltonian constraint as a function of radius
at time t = 1000. This is shown for two resolutions, 640 and 1280 cells, and
scaled to show that second order convergence is indeed achieved nearly every-
where. We do however see that at » ~ 10 there is a region of large error, and a
loss of second order convergence. We can see from figure 4.26 that this is the
location of the surface of the star. It is clear that this is an expected issue due
that the atmosphere algorithm, as described in section 3.8 which causes this
loss of convergence. The central panel shows the 1-norm of the Hamiltonian
constraint as a function of time. This is scaled to show that the overall error
in the star scales at an order of 1.55. Comparing this to the snapshot of con-
vergence at t = 1000, it is clear that the errors associated with the surface and
the interaction with the atmosphere are dominating in the 1-norm, hence we
do not see second order convergence here. The lower panel shows the 1-norm
of the error in the density. Since we are modelling a static star, the initial data
therefore provides the exact solution, hence this error plot can be obtained.
The low density of the atmosphere means that the errors that occur here do
not dominate the 1-norm, and as a result we see that the convergence here is
second order as desired. These plots show that the second order techniques
used in the simulation are working correctly. This also provides a reference
solution which will allow any errors introduced by the Ghost Fluid Method to
be identified.

In order to test whether the introduction of an interface into a stable star causes
any issues, we can, as in previous tests in Newtonian and SR cases, introduce
a “trivial” interface. We therefore have the same initial data as (4.3.2), though

we include a level set function

¢ =z —3.015 (4.3.3)
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Figure 4.27: Showing measures of convergence for a single component reference
solution. The upper panel shows second order convergence for the error in the
Hamiltonian constraint as a function of radius at late times (t = 1000). The
central panel shows the 1-norm of the error of the Hamiltonian constraint as
a function of time. Here the order of convergence is scaled to 1.55, since the
errors at r ~ 10, the surface of the star, dominate the 1-norm. The lower
panel shows the 1-norm of the error in the density of the star as a function of
time. Here the effects of the surface are less pronounced, hence this approaches
second order convergence.
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Figure 4.28: The density and pressure profiles for a stable TOV star with an
artificial interface at x ~ 3 at time ¢t = 1000. We see that the central density
has remained at its initial value of p, = 1.28 x 1072. We also note that there
is no visible behaviour introduced by this artificial interface. We have used a
resolution of 1280 cells for this test.

which adds this trivial interface at z = 3.015. Since the EOS is the same both
sides of the interface, there are no discontinuities in the initial data, hence we

expect a solution as shown in figure 4.26.

In figure 4.28 we see the density and pressure profiles are indistinguishable
from the true single component case shown in figure 4.26. There is no un-
physical behaviour arising introduced through the interface, and the star has

remained in its initial configuration.

To determine whether the presence of the artificial interface has had a detri-
mental effect on the rate of convergence, we present the error plots for this test
in figure 4.29. These can be directly compared to the plots for a corresponding
single component star in figure 4.27. The error in the Hamilton constraint as
a function of time is virtually indistinguishable in the two cases. It is clear
that the interface at r = 3.015 has not introduced unphysical behaviour. As a
result of this, the plot of the 1-norm of the error in the Hamiltonian constraint,

and the lower panel showing the 1-norm of the error in the density, are also
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Figure 4.29: Convergence results for a static star with an artificial interface
placed at r ~ 3. These plots should be compared to those for a genuinely single
component star, shown in figure 4.27. Again the top panel shows second order
convergence almost everywhere for the Hamiltonian constraint, when plotted
as a function of radius. Importantly, there is no visible error introduced by
the interface in this plots. As a result, the central plot, the 1-norm of the error
in the Hamiltonian constraint, again has convergence of order 1.55. Similarly,
there is no visible change in the 1-norm of the error in the density, shown in
the lower panel. Again we see near perfect second order convergence.
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Figure 4.30: Results for the velocity and entropy of a static star with an
artificial interface at r ~ 3 at time ¢t ~ 270. These plots show the (small)
detectable effects of the interface. The left panel compares the velocity in
the interior of the star for the two situations; with no interface and with an
artificial interface. It is clear that the velocity remains constant across the
interface. We can, however, see that there are some differences between the
two. These arise from the surface, suggesting any minor differences in velocity
in the two cases are magnified and reflected by the treatment of the surface
and atmosphere. The right panel shows the error in the entropy of the star
around the interface. There is a slight jump across the interface, due to the
errors in the extrapolation of the Ghost Fluid boundary condition, at the 1078
level.

indistinguishable from those in figure 4.27. That is these have convergence

order of 1.55 and 2 respectively.

Further investigation as to whether there are any visible effects of the interface
can be achieved by comparing velocity and entropy of the single component
and artificial interface cases. These results are shown in figure 4.30. The left
panel shows the velocity profiles in the interior of the star at time ¢ ~ 270.
Only the interior velocity is shown since the behaviour at the surface dominates
the plots and other effects would be indistinguishable. It is clear that there is
no discontinuity in the velocity profile at the interface. There is, however, a
definite difference between the two cases, clearly originating from the surface

and not the interface. The choice of t ~ 270 was chosen for this plot since at



CHAPTER 4. RESULTS 179

this point the source of this difference is so clear. At late times, this difference
propagates inwards, hence the cause would be indeterminable. This velocity
is still comparatively small, hence we still see the appropriate convergence re-
sults shown in figure 4.29. The differences emerge since any slight errors in the
velocity introduced by the extrapolation at the interface are magnified and re-
flected by the surface and atmosphere treatment. The right panel in figure 4.30
shows the error in the entropy when compared to the exact solution. We see
that there is a clear effect of the interface, but this is a very small effect, of
order 1078, These suggest that there is no major source of error that occurs

through the inclusion of a sharp interface in the context of GR.

The success of these preliminary results means we now consider cases for a
static star with a genuine interface, across which the EOS changes. In these
cases the interface is always positioned in a region in which the pressure and
density are comparatively large. This allows for ease in analysing any be-
haviour that arises from the interface. Again we stress that these models are
not based on physically relevant scenarios. The first test we consider has a
small change in the value of v across the interface. The initial data for this

test is

L= 128x107%, ~y= 2, K= 100, < 3.015
{ P 7 g (4.3.4)

v= 19 K= 5157, r>3.015

with the level set equation given by (4.3.3). As with the previous static star

cases, this is run to time t = 1000.

We show the results for the density and pressure for a star with an outer EOS
parametrised by v = 1.9 in figure 4.31. In the density we see the jump at the
interface, again located at r = 3.015, with the pressure remaining continuous.

The central density suggests that this star has indeed remained static.

In figure 4.32 we see how introducing a genuine interface has affected the con-

vergence results for the star. The top panel shows that there is a noticeable
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Figure 4.31: The density and pressure profiles for a stable TOV star with an
interface at r ~ 3 over which there is a small change in +. This is plotted
at time ¢t = 1000. We see that there is a jump in the density profile at the
interface, but the pressure remains continuous. We have used a resolution of
1280 cells for this test.

effect from introducing a jump in the EOS. There are some errors introduced
at the interface, although convergence is not greatly affected. This is not sur-
prising due to the simple nature of the boundary conditions in the Ghost Fluid
Method. The magnitude of these errors is small, however, and, as we see in the
middle panel, there is still reasonable convergence in the 1-norm of the error
for the Hamiltonian constraint. In fact we see that the order of convergence
here, 1.65, is greater than for the single component star. The larger errors at
the interface mean that these will have a greater effect on the 1-norm of the
error. Since these are, to some degree convergent, this could raise the overall
convergence indicated through the 1-norm of the Hamiltonian constraint. It
is also possible that this increase in convergence arises from the softer exterior
EOS leading to a slightly more extended star. This effectively reduces the
influence of the surface on the convergence rate, thus leading to this improve-
ment. The lower panel again shows second order convergence in the 1-norm of

the density as we would expect.

We now consider a static star with a softer exterior EOS. This test has initial
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Figure 4.32: Convergence plots of the errors in the Hamiltonian constraint and
density for a static star with v = 1.9 in the outer region. This plot can be
compared to that of the reference solution in figure 4.27. We see that there
is now a visible effect of the interface in the error plot for the Hamiltonian

constraint at t =

1000. Although there are these errors, they are largely

convergent, and hence do not present a major problem, with the 1-norm of the
Hamiltonian constraint converging with order 1.65. We see that the 1-norm of
the error in the density again converges at second order.



CHAPTER 4. RESULTS 182

7.0x10* -
Density = - 4.0x10°
Pressure ---
-4
6.0x10 - 35x10°
5.0x10™ - 3.0x10°
. -5
4.0x10° 25107
= 5
@ @
c 5 0
@ - 2.0x10° @
o " T
3.0x10
- 1.5x10®
2.0x10
- 1.0x10°
-4
1.0x10 - s.0x10°®
O.OXIOO 1 1 1 1 " reaan,, 1 1 0.0)(100
0 2 4 6 8 10 12 14 16

Radius

Figure 4.33: The density and pressure profiles for a stable TOV star with an
interface at r ~ 3 and a softer exterior EOS, v = % plotted at time ¢ = 1000.
Again we see the jump in the density profile due to the EOS change, with a
continuous pressure profile as expected. The softer exterior EOS results in this
configuration having a larger radius. We have used a resolution of 1280 cells
for this test.

data

e = 6x 1074, = 2 K = 100, < 3.015
{p ! g (4.3.5)

2
vy= 2 K= 1117, r=3.015

Note that in order for this configuration to be stable we need a lower central
density that used in previous tests. Again the interface is at r = 3.015, hence
¢ is given by (4.3.3), and we run to ¢t = 1000.

We show the results for a static start with v = 5/3 in the exterior in figure 4.33.
The density jump at the interface is again apparent, with the pressure remain-
ing continuous. The softer EOS means that the radius of the star with this

configuration is greater, with the surface now at r ~ 14.

In figure 4.34 we show convergence plots for a star with a v = 5/3 exterior

component. Comparing these plots to the reference solution in figure 4.27 we
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Figure 4.34: Convergence results for a static star with an interface at r ~ 3
and v = 5/3 in the exterior region. Comparison to the reference solution,
figure 4.27, shows that the effects of the interface are again noticeable. We
can again see that they are not large enough to pose a serious problem, and
do appear to converge with resolution. The softer exterior EOS leads to the
errors at the surface of the star being smaller in magnitude. The 1-norm of
the error in the density again shows second order convergence until late times,
at which point the errors from the surface have increased sufficiently to start
dominating.
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see that, as in figure 4.32, the effects of a non-trivial interface are clearly visi-
ble. Again this error is predominantly convergent and not significantly large.
The plot showing the error in the Hamiltonian constraint at ¢ = 1000 also
shows the effects of the softer external EOS. We see that the magnitude of
the error is smaller, though again it does not converge at second order. The
larger radius of the star means that this surface behaviour does not have such
a large contribution to the 1-norm of the error in the Hamiltonian constraint.
As a result we see a convergence order of 1.8, greater than that in the reference
solution. Compared to the reference solution, the softer exterior EOS requires
a lower central density to be stable. This, along with the more extended low-
density region at the surface of the star, means that the errors in the density
at the surface have a greater impact on the 1-norm convergence. As a result,
we see the 1-norm of the error in the density drift away from second order

convergence after ¢ ~ 800.

The tests so far have shown that the Ghost Fluid Method does not introduce
major unphysical behaviour into static stars in GR. In particular, the error
in these stars is dominated by the surface algorithm. For the Ghost Fluid
Method to be useful in more physically relevant situations, we also need to
show that it can deal with interface movement and non-linear behaviour e.g.
shock formation. In a 1+1 dimensional context, we can artificially perturb
the star such that a shock wave forms in the interior and propagates radially
outwards. We add this artificial perturbation onto a two-component star with

initial data given by

{ pe= 128x1073, ~= 2, K = 100, r < 3.015 (436)
v= 19, K= 5157, r > 3.015
as in (4.3.4). We then perturb the interior region using
po = porov [1 +h(r)], p=prov[l+h(r)], (4.3.7)
where
hr) — {1 —tanh [50(r — 2)]} r < 2.5 (438)

0 r>25
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Figure 4.35: Density and pressure profiles for a 2-component star with an
initial perturbation. The left panel shows the initial data where the steep
perturbation is clearly visible. The right panel shows the evolved data at time
t ~ 15. At this point we can see that the initial perturbation has split into
an outgoing shock, which has moved through the interface, and an ingoing
feature which has been reflected at the origin and is now shocked, but has
not yet reached the interface. Since the perturbation of the initial data made
in an ad-hoc fashion, a “bulge” in the density can be seen at r ~ 2, whilst
the pressure has reverted to a smooth profile. The interface position has been
marked by the vertical dashed line, and we can see that pressure remains
continuous here.

This inserts a sharp (but not yet non-linear) feature which, as it propagates
through the star, rapidly forms two shocks moving in opposite directions. This
initial perturbation was chosen over a true discontinuity since this introduced

problems, most likely from the evolution of the metric quantities at early times.

Figure 4.35 shows the density and pressure profiles for the initial and evolved
data for this perturbed star case. The left panel shows the initial configuration
with the large perturbation clearly visible. The right panel shows this star af-
ter evolution in which the perturbation has split into two components. We see
an outward moving shock, which has passed through the interface. We also
see a second shock, which started as an inward moving feature and has been
reflected at the origin. We can see that the pressure profile remains continuous

over the interface, even after the shock has passed through it. The initial data
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Figure 4.36: Showing the errors in the Hamiltonian constraint at time ¢ ~
15.  As with the previous tests, we can see the effects of the interface at
r ~ 3 and the surface at r ~ 10. We also see errors present at the two
shocks, as we would expect. Away from these features we see that there is
the second order convergence we expect. Also plotted is the results for an 80
point run (appropriately scaled for second order convergence) showing that
this convergence rate still holds for the lower resolutions possible in full 3+1
simulations.

has also left a “bulge” in the density profile due to the simple manner in which
the perturbation was implemented. The results of this test have only been
shown after a a comparatively short time (the right panel shows the results at
t ~ 15) since the simple atmosphere algorithm applied here results in unreli-
able data once the shock reaches the surface. This is, however, sufficient to
assess the effects the shock has on the interface. Note that in these tests the
reflected features from the shocks hitting the interface, which were seen in the

SR tests e.g. in figure 4.15, are too small to be identified in figure 4.35.

We show the errors in the Hamiltonian constraint for the perturbed star test in



CHAPTER 4. RESULTS 187

Velocity at time = 15 Discretised interface movement
4.0x10° 3.035
2.0x10° 3.030
o 3.025
0.0x10
3.020
-2.0x10° 5
> 8 3015
S -4.0x10° §
> £ 3.010
g
-6.0x10° £
3.005
-3
8.0-10 3.000 : b
Interface location, 640 points —
-1.0x10° ) 2995 | Interface location, 1280 points - -
640 points — Discretised location, 640 points —-
1280 points --- Discretised location, 1280 points =
71_2x10'2 1 1 1 1 1 1 2.990 1 1 1 1
0 2 4 6 8 10 12 14 0 5 10 15 20 25 30
Radius Time

Figure 4.37: The left panel shows the velocity profile of the star at t ~ 15. The
locations of both shocks are clear, and we can see that there is no oscillatory
behaviour generated at the interface as a result of the interaction with the
outgoing shock. The right panel shows the movement of the interface as a
function of time. Both the interpolated and discrete locations are plotted, as
obtained from the level set function. We see that the movement of the interface
is consistent with resolution.

figure 4.36. Since we have not used an equilibrium configuration in the initial
data, we do not have an exact solution available and hence cannot determine
the error in the density profile. This plot shows that in addition to the effects
of the interface and surface, we see that there are also errors at the shock
waves. These errors do not converge at second order since the HRSC methods
reduce down to a first order technique at shocks. Away from these features,

however, convergence is second order as we would expect.

The effects of the initial perturbation on the behaviour of the star and in
particular the interface are highlighted in the results presented in figure 4.37.
The left panel of this figure shows the velocity profile of the star at t ~ 15.
We see the two shock waves very clearly, and also that the effect of the leading
shock passing through the interface has left no visible shock, we can see no
discontinuous behaviour or spurious oscillation. The comparative magnitude of
the shock is much greater here than in figure 4.35, hence we can now confidently

see that the shock locations are being captured consistently. We also see that
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the pre-shocked outer regions of the star are falling inwards. This is a result
of the initial perturbation of the star. By artificially increasing the density
towards the centre of the star, we increase the gravitational mass of the star
here. This then affects the spacetime and causes the outer layers to contract.

The right panel of figure 4.37 shows the interface location as a function of
time. We include both the discretised location, which simply records when the
zero of the level set function changes cell, and the interpolated position of the
interface from the level set function. From the discretised plot we see that the
interface genuinely does move change numerical cells within an evolution. By
considering the other plots for the perturbed star, this shows that this move-
ment does not introduce any unphysical behaviour. The interpolated position
shows that initially, the additional gravitational mass in the interior causes the
interface (along with the rest of the matter in the star) to fall inwards. The
impact of the leading shock at ¢t ~ 4 halts this infall and moves the interface
outwards again. At t ~ 13 the effects of the interaction with the shock are
no longer enough to prevent the infall of the interface again. The interaction
of the trailing shock at ¢t ~ 18 slows this infall, but the “bulge” in density
left from the initial data visible in figure 4.35 means that there is still some
infalling matter. This test has successfully demonstrated that the Ghost Fluid

Method can deal with non-linear behaviour in GR.

4.4 Summary

The results in this section have demonstrated the extension of the Ghost Fluid
Method in 141 dimensional relativistic situations. The results given in sec-
tion 4.2 show the initial extension for SR. A variety of scenarios, based on
Riemann shock-tube problems, were simulated to robustly test the capabil-
ities of this extension to SR. We showed that the correct results could be
obtained even in highly relativistic scenarios (see figure 4.18). We were also
able to present results comparable to those in the Newtonian CFD literature
(e.g. [207]) for a more complex test with multiple interfaces in figure 4.19.
Some of the known shortcomings of the Ghost Fluid Method were investigated

in section 4.2.1. Here we found that these issues, although still present, did
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not pose a major issue to the relativistic extension.

Our extension of the Ghost Fluid Method was then tested in 14+1 dimen-
sional GR in section 4.3. Here we ensured first that multicomponent stars
in hydrostatic equilibrium could be successfully simulated. We then investi-
gated the effects of non-linear behaviour within a star, see figure 4.35. In all
these cases, we could analyse the convergence of our method. We showed that
the second-order convergence expected from the numerical methods was ob-
tained, and our method could successfully deal with non-linear features, such

as shocks.



Chapter 5

The Ghost Fluid Method in

multidimensions

A key test of the viability of the relativistic Ghost Fluid Method is whether
it extends to multidimensional situations. This is essential for use with the
3+1 NS simulations required for obtaining GW templates. In this section we
present preliminary results in which the Ghost Fluid Method is tested in 2+1

dimensional SR.

5.1 Numerical techniques for solving multidi-

mensional equations

In chapter 3 all numerical techniques described pertained to the solution of
141 dimensional equations. We must now consider how these can be extended
when dealing with multidimensional situations. When solving such equations
numerically, one standard technique to use is dimensional splitting [192]. In or-
der to use this technique, we must first be able to write our system of equations

with state vector u and spatial coordinates x = (x1, 72, :Eg)T in the form
oa+ 0y f (u,x) + 0,8 (U, Xx) + 0z, h (u,x) = s (u,x) . (5.1.1)

In chapter 2 we considered the fluid evolution equations in the general multi-
dimensional case for both Newtonian and relativistic situations. In all cases,

it was indeed possible to express the conservation form of the equations in this

190
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manner. We can then make the reconstruction for each spatial derivative term,
as described in section 3.4, individually.

In this thesis, our implementation of dimensional splitting differs from the
original presentation in [192]. We will therefore contrast these two approaches
assuming, without loss of generality, a 2+1 dimensional system with no source
terms and using a first-order RK method for the time update, i.e. we use only
a single step in the time evolution and h = s = 0. In 141 dimensions, the first

order RK update is given by

~ A

Wt =i AL (fige  fivge) (5.1.2)
To make the update using dimensional splitting, we define the quantities
Foae=Fi1jo (M) —Fii1p2 (A),  Gar = 85172 (AL) — 112 (AL),  (5.1.3)

where we have assumed these quantities are evaluated for all (z;,y;). In this

work, we will then make the update at ¢t = t"*! in a single step,
W = 0"+ A (Fa+Ga). (5.1.4)

By comparison, the update introduced in [192] is made through

R At
ut =u"+ TTAt/Q,
u* =0 + AtGay, (5.1.5)

At
un+1 = a2+ 7-’F.At/2~

The advantage of the form used here, (5.1.4), is that it preserves the symmetry
of a solution if this exists and is not aligned with a coordinate axis.

When using dimensional splitting, the CFL factor described in section 3
must be chosen consistently for all spatial dimensions, i.e. it is determined by

the overall maximum wavespeed.
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5.2 Multicomponent fluids in more than one

dimension

5.2.1 Level set methods

The level set methods introduced in section 3.7.1 were developed with the mod-
elling of sharp features in multidimensional fluids in mind. In such situations
the locations of these features are simply described by zeroes of some surface or
hypersurface. Again the fluid components can simply be identified by the sign
of the level set function, ¢. Additionally, the methods for solving Hamilton-
Jacobi equations presented in 3.7.3 also extend naturally to multidimensions.
The need for the reinitialisation of ¢ due to steepening is, however, now likely
to arise frequently due to non-trivial behaviour of the velocity components in
multidimensional simulations. In this preliminary work, we shall not consider
reinitialisation, and restrict our analysis of simulations to regions in which ¢
is suitably smooth. The techniques for reinitialisation are, however, described
in e.g. [67, 148].

5.2.2 Ghost Fluid Method

In 141 dimensions, the Ghost Fluid boundary conditions are trivially imple-
mented. In particular the extrapolation of the entropy and copying of normal
velocity are greatly simplified by the single spatial dimension. In a multidi-
mensional situation, we must be careful that any extrapolation occurs in the
normal direction to the interface, and must also deal with the tangential ve-
locity components in some way. In the original Ghost Fluid Method paper of
Fedkiw et al. ([67]), the multidimensional Newtonian case was considered.
When there is more than one component to the velocity, then the Ghost
Fluid Method assumes that across an interface the normal component of the
velocity is copied from the actual fluid into the ghost fluid region. The tan-
gential component is then extrapolated in the same manner as the entropy.
Obviously there is no requirement that these components align with the co-
ordinate axes. To obtain these components, we first determine the normal

vector, N, to the level set function. This is done at every grid point and is
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given by
Vo

= Vol

The normal is only required for providing information within the ghost fluid

(5.2.1)

region, hence the structure of ¢ away from the interface will not lead to adverse
effects. This does mean that if we were to reinitialise ¢, we would have to
ensure that this was done for the entire ghost fluid region. Care must also be
taken in determining N numerically if V¢ = 0.

Once we have N, we can define the normal and tangential velocity compo-

nents. The magnitude of the normal component, vy, is given by
vy=v-N (5.2.2)
which, for the purpose of the dimensional splitting, is put into vector form,
vy = uyN. (5.2.3)
The tangential velocity vector, vy, can then be defined by
vr =v —uyN. (5.2.4)

The normal velocity can now be copied into the ghost fluid region from
the real fluid. The extrapolation of the entropy and tangential velocity should
result in these variables being constant along N. Therefore it is logical that

we wish these variables to satisfy
N.-VI=0 (5.2.5)

where [ is any variable to be extrapolated, i.e. the entropy and each component
of vy. In order for this to be satisfied, we need some technique which allows
us to make an initial guess for I, and then make some iteration that results in
I satisfying (5.2.5). This can be achieved through the solution to the PDE

oI +N-VI=0 (5.2.6)

where the sign of the PDE corresponds to the sign of ¢ in the ghost fluid

region. The time derivative in this PDE is not necessarily the physical time in
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the simulation. Instead we can solve for some fictitious time t, in which this
PDE is evolved for several artificial timesteps until a static solution is reached,
i.e. (5.2.5) is satisfied.

The velocity in the ghost fluid region can then be ‘built’ from the copied

normal velocity vy and the extrapolated tangential velocity v.

5.2.3 Relativistic effects in the Ghost Fluid Method

The relativistic extension of the Ghost Fluid Method in 1+1 dimensions was
trivial. The coupling of velocity components through the Lorentz factor in
multidimensional situations could complicate matters however. In relativity,
it would be expected that the 4-velocity should be used in the Ghost Fluid
boundary conditions. The coupling of the velocity components through the
Lorentz factor means that making an extrapolation of the 3-velocity, as was
done without issue in the 141 dimensional case, will not necessarily provide
the correct result. This is particularly an issue for GR when spacetime factors
enter the conversion between 3- and 4-velocities, as described in section A.1.5.
In a Minkowski spacetime (i.e. SR), however, we would not expect such com-
plications. In section 5.5.1 we investigate if there are any effects due to this

choice.

5.3 Higher order methods for the level set evo-

lution

In section 3.7.3 we detailed the numerical methods required for the evolution of
the level set function ¢. These used a Lax-Friedrichs scheme to evolve ¢ and,
due to the simple nature of this function in 141 dimensional situations, it was
sufficient to use first order approximations to the derivatives, ¢*. In multidi-
mensional situations there is no such guarantee that this simple approximation
will be suitable, the behaviour of the fluid, and hence the level set function,
can be much more complex. It is therefore advantageous that the evolution of
the level set function moves beyond this first-order approach. The extension of
ENO methods to Hamilton-Jacobi equations was shown in [149], hence we now
consider a third-order ENO approximation to ¢+ as described in [148]. The
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obvious result to obtain the derivatives in the y-direction, gb;t, holds. We begin
by defining Dz—i—l/? ”
to the first order approximations to the derivative of ¢, i.e.

i b5,
Diyrjpat = = (5.3.1)

¢ as the divided differences in the z-direction, equivalent

In terms of the first order approximations we have ¢f = DilJrl /2796(;5 and ¢, =
Dil_1 /2 ,®. We then have the second divided differences

z+1/2 :v¢ D'L 1/2, x¢

D? ¢ = 3.2
and third divided differences
Z+1/2 a:¢ — : 3Ax : . (533)

The idea behind the ENO method is to then, if we consider a constant y value,

make a polynomial reconstruction of ¢,

b (2) = Qo) + Q1(2) + Qa(x) + Qs(2) (5.3.4)

where @), is an n*® order polynomial. From this we obtain ¢~ though the

derivatives of this function,

00 () = 0,Q1 () + 8,Qa (). 4+ 0,Q3 () (5.3.5)

Based on our definitions of the polynomials @, () we can evaluate this
approximation to at z; to obtain ¢=. In the following definitions, we set
k =i —1if we want to obtain ¢, and k = i for ¢;. We first define Q;(z)
through

Q1 () = (Djyry2,20) (x — x3) (5.3.6)
hences we have

Oo@ (i) = DliJrl/Q,x(b‘ (5.3.7)

If this result is used solely in defining ¢~ then we have the first-order method
described in section 3.7.3. We can then make a second order correction, which

could either use D} ¢ or D}, ,¢. In order to ensure that oscillatory behaviour
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is kept to a minimum, we define

Dy D2 _¢| < |D2
D = ‘ k7z¢ ) ‘ k,ng‘ > ‘ k+1,z¢| (538)
‘Di+1,x¢ ) otherwise

and we also define

k=1 [Dfod] < [Dioud]

k* = (5.3.9)
k, otherwise
The second order polynomial correction is then given by
Q2 () =D (v — xp) (. — Tpy1) (5.3.10)
with derivative

Finally a third order correction is given in a similar manner. We first define

— ‘D3*+1/27x¢ ’ D2*+1/2vx¢ = ‘D3*+3/2’$¢ (5 3 12)
‘ D3*+3/2,x¢) , otherwise

where we note that £*, which was defined, but not used, during the second

order correction, is now used. The final polynomial correction is then given by
Qs () =D* (v — ) (¥ — g1 1) (¥ — g y2) (5.3.13)

with derivative
0,Q (x;) =D* [3(i — k*)> — 6 (i — k*) + 2] (Ax)”. (5.3.14)

Using these three polynomial results, we have a third-order accurate ENO

scheme for evolving the level set function.
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5.4 Results for the Newtonian multidimensional
Ghost Fluid Method

The 241 dimensional Ghost Fluid Method was demonstrated in Newtonian
physics [67], hence it is first worth using this to obtain a reference solution.
This test considers the effect a shock wave of air has on a bubble of helium,
previously considered both as a physical experiment (e.g. [85]) and numer-
ically (e.g. [162]). This test is carried out on a domain z € [0,325] and
y € [—44.5,44.5], with MC limiter for the fluid evolution and for accuracy
we use the third order ENO scheme described in section 5.3 for the evolution
of ¢. The boundaries at y = +44.5 are a solid wall, whilst those at x = 0
and x = 325 are constant extrapolation outflow boundaries. The computa-
tional domain effectively has three regions, the post-shocked air (qpest), the

pre-shocked air (qpe) and the helium (qpue). The initial data for this test is

given by
([ popost = 13764, Vypost = —0.394, Uyposs = O,
Ppost = 156987 Vpost = 14a
re — 17 z,pre — 07 re — OJ
po.p Ve Yup (5.4.1)
Ppre = 17 Ypre = 147
pone = 0.138,  vepe= 0, vyHe = 0,
PHe = ]-7 THe = ]-677

\

with the shocked condition initially in the region x > 225. The shock has been
initialised such that it has 9t = 1.22 where 9 is the Mach number, given by

M= 3

(5.4.2)

Cs,pre

with vgs the shock velocity, as defined in section 2.4.1. The level set function

is initialised to give

¢ =25— \/(x —175)% 4 42 (5.4.3)

with ¢ > 0 giving the helium bubble, and ¢ < 0 the air. The symmetry of this
problem about y = 0 means that the actual calculation need only use half of
the domain (i.e. y € [0,44.5]). The test, shown in figure 5.1, was run with a
resolution of 650 x 89 cells, and to a time ¢t ~ 185.
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The results for the shock wave hitting a cylindrical bubble of helium are shown
for several stages of the evolution in figure 5.1. The low density region of
the helium bubble (and hence the zeroes of the level set function) are clearly
visible. The top panel shows the initial data, and the remaining panels show
a succession of images as the shock wave passes through the bubble. We can
clearly see the complex patterns of reflected features off the bubble, the outer
walls and the symmetry axis. The bubble is also heavily distorted into a ‘C’
shape, as identified in previous similar simulations [22, 67]. Beyond the final
time shown in this figure, ¢ ~ 185, the physical behaviour of the system would
cause the bubble to split. Numerically this presents a challenge in obtaining the
correct behaviour for ¢, which usually requires reinitialisation. For simplicity
of implementation, it was therefore necessary to stop the simulation before this

occurred.

5.5 Results for the special relativistic multidi-
mensional Ghost Fluid Method

We now apply the Ghost Fluid Method to 241 dimensional situations in SR.
One potential difference between Newtonian physics and relativity for the
Ghost Fluid Method comes from the treatment of the velocities. In relativis-
tic situations we may either use the 3-velocity or the 4-velocity to determine
normal and tangential components. Differences may then arise when copying
the normal and extrapolating the tangential components. The first test we
consider in 2+1 dimensional is therefore designed to test this.

All tests in this section feature an isolated shock hitting some low-density
region. We therefore will provide initial data for three constant states, the

post-shock region, qpost, the pre-shock region, qpest, and the low density region,

Qiow -

5.5.1 Comparing the velocity extrapolation techniques

In order to ensure that there is no obvious difference between extrapolating

3- and 4-velocities in SR we must consider a test with an exact solution, but
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Density

Max: 1‘,733
Min: 0.1711

Figure 5.1: The 2+1 dimensional Ghost Fluid Method in Newtonian physics.
This test shows a shock wave in air hitting a cylindrical bubble of helium. A
succession of plots are shown from the evolution of this system, where we see
a wide array of reflected and transmitted behaviour.
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with both = and y components of the velocity non-zero. To achieve this, we
use a ‘slab test’, as previously considered in section 4.2, propagating along a
diagonal line within the domain. We set up a shock moving in the direction

x — 1y = const., and this hits a low density slab. The initial data for this test is

;

Po,post = L1.37795, Vgpost = 0.12681, vy 0t = 0.12681,
Ppost = 1577 “Vpost = 147
) L0, pre = 17 Vg, pre = 07 Uy, pre = 07 (551)
DPpre = 1, Ypre = 1.4,
P0,He = 01387 Uz, He = 07 Vy,He = 07
L PHe = 17 YHe = 1677
with the post-shocked region initially given by
r+y<0.75 (5.5.2)
and the level set function by
p=012—|z+y—1]. (5.5.3)

The low density slab bounded is therefore by the contours y = 1.22 — z and
y=0.88—=x.

The results for a shock hitting a slab in 2+1 dimensional SR are shown in
figure 5.2. We show the results along the line z = y, orientated in the normal
direction of the velocity. This test was implemented with outflow boundary
conditions in the normal direction of the boundaries. As a result, severe errors
propagate inwards from this boundary. We show these results before the errors
have reached the line x = y. Qualitatively these results can be compared to
the 141 dimensional analogy in figure 4.5. Quantitatively there are differences
in scale (due to the increased maximum width of the domain along = = y). We
see the expected reflected and transmitted shocks. The two panels in figure 5.2
compare the two cases using 3- and 4-velocity extrapolation, as explained in
section 5.2.3, to determine normal and tangential components. It is clear that
there is no difference between the 3-velocity extrapolation (upper panel) and
4-velocity extrapolation (lower panel) in the context of SR. As a result, all

tests shown in this section will use only the 3-velocity extrapolation. We note
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Figure 5.2: The density profile for a shock hitting a slab in 241 dimensional
SR. The velocity is aligned with the line x = y, hence we have chosen this line
for the plot. We see that qualitatively, all features expected in this test have
been reproduced compared to the 1+1 dimensional test shown in figure 4.5.
The upper panel shows the results when the 3-velocity is used in determining
the normal and tangential components, and the lower panel uses the 4-velocity.
It is clear that there is no qualitative difference between them. This test uses
200 by 200 cells and MC limiter.
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that this result may not hold for GR.

5.5.2 Bubble tests for the Ghost Fluid Method in spe-

cial relativity

In this section we present the results for various bubble tests (analogous to
the Newtonian test shown in figure 5.1). To enable a more direct comparison
between existing results in Newtonian physics, e.g. those in [22], we categorise
these results though the relativistic Mach number of the shock, Mgg. This is
given by ([109])

vs

Mg = L5 (5.5.4)

Vi
Due to the differences in scales between Newtonian physics and SR, all tests
in this section have domain x € [—50,325] and y € [—44.5,44.5] where again
the symmetry of this problem means we only simulate y € [0,44.5] . In all

cases the level set function is given by (5.4.3),

¢ =25 — \/(m — 175)% + 2. (5.5.5)

We also do not use reinitialisation of the level set function in this preliminary
work. As a result, in many cases the duration of the simulation is limited by
the point at which the level set function can no longer be accurately modelled.
Beyond this point, these errors can lead to unphysical behaviour.

The first test we consider has relativistic Mach number 9sg = 1.22, hence
can be compared to the Newtonian test presented in figure 5.1. We can also
use this test to compare different reconstruction methods in 2+1 dimensional
SR, in particular focusing on the effects these have on the accuracy with which

the interface is captured. The initial data for this test is given by

;

Popost = 142182, Uy post =  —0.19682, vy post = 0,
Ppost = 1.64161, Ypost = 1.4,
po,pre = 1, Vzpre = 0, Uypre = 0, (5.5.6)
Ppre = 1, Yore = 1.4,
Po,low = 0.138, VUglow = 0, Vylow = 0,
\ Plow = 1, Mow = 1.67,
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with the shocked region when z > 225.

In figures 5.3 and 5.4 we show the results for a 9Mgg = 1.22 shock hitting a
cylindrical bubble using MC limiter and PPM reconstruction respectively. The
tests were run for resolution of 700 by 89 cells. For MC limiter, a final time of
t =~ 690 was achieved, and for PPM, ¢t ~ 590. Qualitatively many features in
these two plots are similar. The reflected and transmitted features have been
slightly more sharply captured using PPM, and in both cases are comparable
to those seen in the analogous Newtonian case in figure 5.1. The key difference
between the Newtonian and relativistic cases comes from the effects the shock
has on the shape bubble. The differences between the two reconstruction
methods is also apparent. There are finer details visible in figure 5.4 when
PPM is used. This higher accuracy leads to stronger distortion of the bubble,
and hence causes the shorter time for this simulation.

We would like to make a more direct comparison with the original results
presented in [67]. In order to make this comparison we produce a Schlieren

image of the density, obtained by plotting the quantity

V @up0)? + (D,p0)° (5.5.7)

on a logarithmic scale.

In figure 5.5 we compare the Schlieren image for the SR bubble test using
MC limiter with that produced using the original Ghost Fluid Method. The
differences in scale mean a direct comparison is not straightforward. We have
shown the image for the SR test when the shock and bubble have moved by
approximately the same amount as in the original image. The differences in
bubble structure and speed of the reflected features is apparent. We can also
clearly see a feature behind the shock only present in the SR test. This can be
identified as start-up error in the shock (hence can be removed if necessary).
The pattern of reflected and transmitted features is clearly consistent with the

original results.

We now consider a test with 9gg = 1.6. The initial data for this test is given



CHAPTER 5. 2+1 DIMENSIONAL GHOST FLUID METHOD 204

Density
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Figure 5.3: Showing a Mgr—1 22 shock hitting a low density bubble in SR. MC
limiter is used for this test, and we see that this leads to a very deformed ‘C’
shaped bubble. A series of snapshots are shown, and the pattern of reflected
and transmitted features is clearly apparent.
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Figure 5.4: Showing a Mgg = 1.22 shock hitting a low density bubble in
SR with PPM reconstruction. This can be compared directly to figure 5.3.
The greater accuracy of PPM leads to a more detailed bubble structure. The

reflected and transmitted features are qualitatively similar.



CHAPTER 5. 2+1 DIMENSIONAL GHOST FLUID METHOD 206

Figure 5.5: Comparing the results for a Msg = 1.22 shock wave hitting a
bubble with analogous results in Newtonian physics presented in [67]. The
differences in scale lead to very different behaviour of the bubble. The reflected
and transmitted features are, however, comparable. In the SR case these
features accurately follow the Newtonian results. Source for upper image:
http://physbam.stanford.edu/~fedkiw

by
([ popost = 216527, Vypost = —0.42635, vypos = O,
DPpost = 3.04262, Ypost = 1.4,
) L0, pre = 17 Vg, pre = 07 Uy, pre = 07 (558)
DPpre = 1, Ypre = 1.4,
£0,low = 01387 Vg low — 0; Uy low — 0;
Plow = 17 Yow = 1677

\

with the post-shocked region initially located for x > 300 and the level set
function given by (5.5.5). This test is shown for a resolution of 350 by 45 cells
using PPM and run to a time t &~ 550.

In figure 5.6 we show the results for a 9sg = 1.6 shock hitting a low-
density bubble. Many of the features are comparable to the milder shock case
shown in figures 5.3 and 5.4. The bubble is again deformed into a curved
shape, but is thinner in this case. It also follows the shock more closely than

in this previous test. The interaction of waves off the bubble and boundaries
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Figure 5.6: Results for a 9Msg = 1.6 shock hitting a bubble in SR. We see that
the larger shock has lead to greater deformation of the bubble, and that it
follows the shock more closely. The general pattern of reflected and transmitted
waves is similar to previous tests.



CHAPTER 5. 2+1 DIMENSIONAL GHOST FLUID METHOD 208

is similar to that seen in previous tests, as expected. There is also visible start

up error present throughout the simulation.

The final test we consider has an even stronger shock, Msg = 2. We now have

initial data

/

Po.post = 2.93661, Uypest = —0.57968, Uypost = O,
Ppost = 4.91233, Ypost = 1.4,

P0o,pre = 1, Vg pre = 0, Uy pre = 0, (5.5.9)
DPpre = 1, Ypre = 1.4,

Po,1ow = 0.138, Uglow = 0, Vylow = 0,
DPow = 1, Yow = 1.67,

\

an initial post-shocked region x > 225 and a level set function again given
by (5.5.5). This test uses 350 by 45 cells using PPM and is run to a time
t ~ 420.

In figure 5.7 we show the results for a Msg = 2 shock hitting a bubble.
Here we see even greater contraction of the bubble that the previous Msg = 1.6
test in figure 5.6. We see that this leads to the break up of the bubble. As
expected, the level set methods have no problems in dealing with this change
of topology. The interactions of the reflected and transmitted waves are again
clearly apparent. It is clear that the x-velocity of the reflected features is very
small, although there is still noticeable y-velocity, as features can be seen re-
flecting of the walls of the shock tube. As with the previous test there is clear

start up error, visible in the post-shock region and trailing the bubble.

5.5.3 Summary

In this section we have presented some preliminary results for the extension
of the Ghost Fluid Method to 2+1 dimensional SR. This work shows that in
these (limited) cases of extensions from 141 dimensional tests and shock-tube
tests with a low-density bubble, we obtain the correct qualitative behaviour.
Before we can apply this to a full 3+1 dimensional NS in GR, a more rigorous
investigation of this extension is required. In this thesis, time constraints

limited both the quantity of tests that could be produced and the resolution
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Figure 5.7: Results for a Mgr = 2 shock hitting a bubble in SR. The severe
deformation of the bubble is now apparent, it has in fact split into four sepa-
rate regions in the final panel. The qualitative behaviour of the reflected and
transmitted features is comparable to previous tests, though we note that the
x-velocity of the reflected features is now very small.
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Figure 5.8: Labelling the features expected once a shock wave has hit a low-
density bubble. We see the Mach stem, the side shock, the expansion fan and
reflected interaction, as described by Bagabir and Drikakis in ‘Fig. 1. a’ in [22]

of those presented.

In addition to this, there are many cases which could not be simulated
using the current methods implemented. If the behaviour of the bubble lead
to complex features (as in figure 5.4) or if the bubble becomes compressed very
rapidly (for shocks with Mg = 2) then we could not reproduce this behaviour.
This is liable to be partially due to the limited resolution, and also the lack of
reinitialisation. Any future work would therefore make use of reinitialisation.
Despite this room for improvement, these initial tests have been successful, and
follow closely the qualitative behaviour shown from Newtonian shock-bubble
interaction studies. We can compare our results to the expected features shown
in Bagabir and Drikakis (‘Fig. 1. a’ in [22]).

In figure 5.8, we show the features visible as a result of the shock-bubble
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interaction, as listed in [22]. We see the ‘side shock’ feature protruding from

the ‘Mach stem’ and the expansion fan, which leads into the large reflected

feature.



Chapter 6
Conclusions

The motivation for the work presented in this thesis was to improve the models
used in numerical simulations of NSs, such that the internal behaviour could
be better replicated. In order to achieve this, we wanted to develop tech-
niques such that different regions within a NS could be included in a single
model. Specifically we investigated techniques that allowed for these regions
to be included in a multicomponent manner, based on relativistic extension of
methods developed for Newtonian CFD.

Current models of the interior of NSs suggest that there are several regions
(e.g. the crust and the inner and outer cores), and that these regions may be
separated by thin transition layers. If we wish to simulate an entire NS (or
binary system) in 341 dimensions, such that GW waveforms can be extracted,
then the practical aspects of including these transition layers in the NS must
be considered. In particular, for simulating a NS over a timescale long enough
for e.g. several orbits and merger in a binary system, the inclusion of tran-
sition layers is prohibited through the computational requirements of such a
simulation. In order to include different regions in a NS model, an alternative
treatment is therefore necessary. We consider treating these transition layers
as sharp (zero width) interfaces and implementing some appropriate boundary
conditions to reproduce the behaviour across the layers.

The problem of developing numerical techniques to model multicompo-
nent fluids separated by sharp interfaces has been tackled in Newtonian CFD.
Whether these methods extend to relativistic situations has, however, not pre-

viously been considered. Therefore as a ‘proof-of-principle’ test we used the

212
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simplest successful method from Newtonian CFD, the Ghost Fluid Method of
Fedkiw et al. [67]. This method makes use of level set techniques to accurately
capture the location of interfaces. The extension we present can effectively
be split into three stages. We first ensure that the method extends to sim-
ple 141 dimensional situations in SR. Since a full NS simulation requires 3+1
dimensional GR, we then extend this to both 141 dimensional GR to ensure
there are no issues introduced through the additional spacetime curvature in-
troduced here. We finally must also consider the multidimensional extension
of the method, which, due to limited computational resources, has currently

been undertaken in 241 dimensional SR.

In chapter 2 we considered the theoretical background to modelling relativistic
fluids. In this chapter we detail how initial data can be provided for multi-
component relativistic situations in which the EOS changes across the inter-
face. Here we provide a novel presentation for the solution to multicomponent
Riemann problems in SR (the feasibility of which was noted by [166]). We
then detail the numerical methods required for HRSC methods and specific
requirements for modelling stars in chapter 3. Section 3.7 details the specific

techniques for modelling interfaces.

The results for tests using our relativistic extension of the Ghost Fluid Method
are presented in chapter 4. In section 4.2 we apply the Ghost Fluid Method
to multicomponent fluids in 141 dimensional SR. The initial tests for simple
Riemann shock tube-type tests show that in these comparatively simple cases
the exact solutions have been reproduced by the simulations correctly.

We then probe some more complicated scenarios to thoroughly test the
versatility our extension to the Ghost Fluid Method in SR. We showed (in
figure 4.18) that there were no issues in a highly relativistic test, with v ~ 0.95c¢.
Similar success was achieved when cases which display more complex fluid
behaviour are considered. This is demonstrated in figure 4.19, in which a
shock has hit a slab of low density material. The expected pattern of resultant
waves (transmitted shocks and reflected rarefactions) was correctly captured.

The simple nature of the Ghost Fluid Method can result in problems in
dealing with some situations, notably those involving entropy gradients across

an interface. This is well documented in Newtonian CFD [129]. To ensure
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that these issues do not manifest in some more serious manner in relativis-
tic situations, in section 4.2.1 we probed the behaviour of our extension to
the Ghost Fluid Method in analogous relativistic situations to these ‘problem
cases’. Again we find that the strong entropy gradients lead to small errors at
the interface. These errors are, however, (slowly) convergent, and there is no

additional unphysical behaviour introduced.

In section 4.3 we present tests for our extension of the Ghost Fluid Method
in 1+1 GR. These results are based on two-component TOV-type stars. The
density profiles have been set up such that they are similar to those of NSs,
although the choice of interface location is selected with a purely numerical
motivation. We ensure that it is in a region of sufficiently large density for
the behaviour at the interface (and any undesirable affects that may also arise
here) are visible.

Our results for static stars show that our method allows for a stable mul-
ticomponent star to be simulated without difficulty. We see that the conver-
gence of these simulations is (in general) at second order, as expected from the
numerical methods used. There is no significant loss of convergence near the
interface, with the exception of the few grid cells adjacent to the interface loca-
tion. We then investigate a perturbed star in which we investigate the effects
of non-linear behaviour hitting the interface, shown in figure 4.35. We find
that around the shocks, we see an expected reduction in convergence (see sec-

tion 3.4 for details) and elsewhere the convergence remains at the desired level.

We have demonstrated that in 1+1 dimensions GR, our extension to the Ghost
Fluid Method is successful in modelling for multicomponent situations. In or-
der to be of use in current NS simulations, it must also be successful in 3+1
dimensional GR. In chapter 5, we present preliminary results to demonstrate
the viability of our method in multidimensional relativistic situations. These
results are presented for 2+1 dimensional SR, avoiding the computational cost
of 3+1 GR and conceptual and numerical problems of 2+1 GR. We find that
results based on extensions of problems investigated in Newtonian CFD pro-

vide the expected qualitative behaviour, as shown in figure 5.5.

The results presented in this thesis indicate that in general we can extend
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interface modelling techniques from Newtonian CFD to relativity. This there-
fore suggests that such techniques will be applicable for full 3+1 dimensional
NS simulations. We do note that some care may be needed when applying
our method to such simulations. If strong entropy gradients form across an
interface, then, as detailed in section 4.2.1, some error may be introduced into
the results. This may lead to inaccuracies in the GW template obtained from
these simulations. The success of our relativistic extension of the Ghost Fluid
Method does, however, suggest that the techniques developed in Newtonian
CFD to deal with such entropy gradients, e.g. [129], will also extend, allowing

these issues to be tackled.

6.1 Future work

The work presented in this thesis provides a proof-of-principle test of mul-
ticomponent fluid modelling techniques in relativistic situations. We have
demonstrated success in both 141 dimensional GR and 241 dimensional SR.
The success of these early tests then leads to many obvious future applica-
tions. Most notable is that our extension to the Ghost Fluid Method should
be applied to NS simulations in full 3+1 dimensional GR.

There is also obvious scope for improving the boundary conditions at the
interface. As with the initial work this can follow from the Newtonian CFD
literature, where improvements for certain aspects of the method have been
considered, e.g. [125, 126].

In this work we have used level set methods to capture the location of interfaces
between two fluid components. These techniques can, however, be applied to
any such sharp boundary, e.g. the apparent horizon in black hole simulations.
As a result, one natural extension of the techniques presented in this thesis
would be to improve the treatment of the surface of a NS within numerical
simulations. As we discuss in section 1.2, the atmosphere of a NS has a depth
of ~ 1 cm, or may not exist at all. Therefore it is clear that the surface of a
NS can be treated as a genuinely sharp matter/vacuum interface. In addition
to using level set methods, we will need to apply boundary conditions. This
case differs from the Ghost Fluid Method used in this thesis, since we do not
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have a fluid interface. However, the appropriate boundary conditions could
be applied using the framework of the method (i.e. by creating an artificial
fluid which behaves as a surface). This could then provide a better boundary
condition than the atmosphere treatment described in section 3.8. This is of
obvious importance to current NS simulations since the lack of accuracy at the
surface is a major source of error, as illustrated in the figures in section 4.3.
The use of level set methods to deal with the surface means we have genuine
vacuum outside the NS and as a result, many of the issues associated with the
atmosphere treatment, in particular the transfer of matter between the star
and the atmosphere would no longer occur. The key challenge with imple-
menting this matter/vacuum interface is the boundary conditions. Assuming
the use of finite volume methods, we need to provide some correct value for the
intercell fluxes in the vacuum region such that the matter behaves correctly at
the surface. We would therefore expect these conditions to be dependent on
both the values of the physical quantities at the surface (many of which drop

trivially to zero) and the derivatives of these quantities.

Improving the physical model used in our simulations is another obvious ex-
tension of this work. Here we have restricted our model to the ideal fluid EOS,
as described in section 2.3, however, there are a vast array of ‘realistic’ EOSs
available for NS interiors. One of the advantages of the boundary conditions
of the Ghost Fluid Method is that they are not constrained to a single choice
of EOS, they depend on general properties of the fluid. In principle, therefore,
these conditions can be applied to any choice of EOS. We may consider imple-
menting a NS with a more realistic core and crust, or an inner and outer core.
In these cases, an interface between two fluid components may not be sufficient
to accurately reproduce the physical behaviour of these regions. We may wish
to model the crust with an elastic lattice structure, or include a solid inner
core. In these cases, as with the surface model described above, a Ghost Fluid
Method-like method could still be used, with careful implementation of correct
boundary conditions (see [66] for a description of a solid-fluid boundary Ghost
Fluid Method in Newtonian CFD). The evolution of the level set function (and

hence the interface) may also need to reflect the physics of these situations.



Appendix A

Calculations for relativistic fluid

equations

A.1 Derivation of the 341 decomposition of

the Einstein equations

In this section the 3+1 decomposition of the Einstein equations is derived in
detail. Here we follow e.g. [44, 142].

A.1.1 Projection operators

In section 2.2.1 we describe the foliation of the spacetime M into spacelike
hypersurfaces >, separated by the normal vector n*. This dual-vector to this

normal is given by (2.2.18),
n, = —afl, (A.1.1)

where « is the lapse function, and €, describes the hypersurfaces through (2.2.16),
Qp, = VHT- (Al?)
The torsion free nature of V,, gives the result

V[MQV} = V[MVV}T = 0. (A.1.3)

217
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The choice of sign for the normal dual-vector n, was chosen such that n* is

future pointing, and as a result we have
nfn, = a’g"Q,Q0, = -1 (A.14)
where we have used the definition of «, (2.2.17),
g0, = —a (A.1.5)

The vector n* can be thought of as a 4-velocity field for observers moving

orthogonally to X, and therefore move with 4-acceleration

a' =n"V,n". (A.1.6)

The spacelike projection tensor, L# is defined in (2.2.19),
1" =68 4+ ntn,. (A.1.7)

We can show that this tensor is purely spatial through the contraction of n*,

a timelike vector,

LA nY =1 n”
= otn” + nfn,n” (A.1.8)

=n"—n"'=0.

We then define the spatial metric of the slices ¥, in (2.2.21),
Vo = Guv + M. (A.1.9)

Using this, it can be shown that the spatial derivative operator, D, =1 V,,
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introduced in (2.2.23), has the expected property D,v,, =0,

Doy =L Vo (g + npny)
=1 (n,Van, +n,Van,) (A.1.10)
=0.

In this derivation, we have used the fact that a spatial projection of the tensor
product of n* or n, is zero, since this is the spatial projection of a timelike

projection, as shown by (A.1.8).

Important results for the 3+1 split using the projection operators

It is instructive to consider some results that arise from the projection op-
erators. We shall see that these results are important in making the 3+1

decomposition of the Einstein equations. The first such result we prove is
1 V[Mn,,} = 0. (A.l.ll)
This is achieved by considering the full form of L V,n,,

L V,mn, =1%15, Vang
= ((5‘1 + nan“) (561, + n’gn,,) Vang (A.1.12)

=V,n, + nynﬁvunﬁ +n,n*Van, + nanunynﬁvanﬁ.
We then use the relationship
n°V,ns =nzV,n" = %Vu (ngn?) = %Vu (-1)=0 (A.1.13)
to simplify (A.1.12), giving

L Vun,=V,n,+n,n*"Vun,. (A.1.14)
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In order to show (A.1.11) holds, it is worth considering each term individually.

The first term can be written

V.n, ==V, (aQ,)
= — (V) — o (V, ) (A.1.15)

and from this, we can see that
V[Mny] = — (V[MO() QV]. (A.1.16)
Expanding the second term in a similar manner gives

nun*Van, = (—a,) (—aQ*) V, (—afl,)
= %07 (Vaa) Q0 — 02,07 (Vo) (A.1.17)
= —a’Q" (Vo) 2,0, — a*Q,0%(V,Q,)

where the relation V,€,; = 0 has been used to manipulate the indices in the

last line of this expansion. The relation
Q'V,Q, =Q,V,Q" = %vu (0,07 = %v# (—a7?) =aV,a, (A.1.18)
can then be used to further rewrite (A.1.17),
n,n*Van, = —a’*Q* (Vaa) .0, — (V,0) Q, (A.1.19)
and from this, in a similar manner to that used for (A.1.16), we get
nEn*Vany = (Vo) Q). (A.1.20)
Then finally, combining this and (A.1.16), we see that
L Viny =Vpn, +nun*Van, = 0. (A.1.21)
Another useful result we will derive is

a,=D,(Ina). (A.1.22)
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This derivation is best shown by considering an expansion of each side of this
equation individually. Using (A.1.19), and the definition of a,,, (A.1.6), we can
see

a, =n"V,n, =aQ" (V,a)Q, +a 'V, (A.1.23)

The right hand side of (A.1.22) can be written

D,(Ina)=1",V,(na)
= (0", +n"n,) o 'Vya
=a 'Vya+ (—aQ) (—a,) a 'V,
=aQ’ (V,a)Q, +a 'V,a.

(A.1.24)

This provides an identical result to (A.1.23), hence we find that (A.1.22), holds.

A.1.2 Extrinsic curvature tensor

Several forms exist for the extrinsic curvature tensor, the tensor which de-
scribes how the hypersurfaces ¥, are embedded in the spacetime manifold M.
In (2.2.26), we give the definition

Ky =—1V,m, (A.1.25)
which, using (A.1.14) gives
K, = -V,n, —nua,. (A.1.26)

To show that this definition is equivalent to those using the Lie-derivative of
the spatial metric, (2.2.27),

1 1
K = =5 Lt = —5 L Lagu (A.1.27)
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we first consider the Lie-derivative of 7,, along n®,

_Enfy;uz = nava (g,uz/ + n,unu) + (gal/ + nanu) v#na_'_
(Gpa + nung) V,n®

(A.1.28)
=n"n,Von, +n*n,Von, +V,n, +n,n,V,n"
+ Vo, +n,n,V,no.
We can then use (A.1.13), and then (A.1.25), to reduce this to
LY =2(Vny +npay) =2 L Vn,) =—2K,, (A.1.29)

which gives the definition of extrinsic curvature (A.1.27). To express K, using

the Lie-derivative (again in the direction n®) of g,,, we begin with

LG = n*"Vagu + 9o Vun® + g Vyn®
= V,n, + Von, (A.1.30)
== QV(HHV).

It is then clear that we have

1 Logw =2 L Vyn,) =—2K,,. (A.1.31)

The further results for K, presented in section 2.2.1 are found by first consid-
ering projections of the 4-dimensional Riemann tensor R,,.3. To obtain the
spatial projection of R,,.3, we first note the following relationship, in which

v, is an arbitrary spatial dual-vector,

v L Ryl/aﬁ =1 ('UMRIWQQ)
(Rul/ocﬁvl‘)
(R,Bou/ )
1 (VsVav, — Vo Vgu,)

(A.1.32)

where the symmetries of the Riemann tensor are taken into account to obtain
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the third line. We can then consider

1LV, = ((5;" +nny,) ((55 +nn,) Vavg

(A.1.33)
=V,u, + nynﬁvuvg +n,n*Vau, + nynunanﬁvavg.
Using the result
V., (n'v,) =n'Vyu, +v,V,n" =0 (A.1.34)
and then (A.1.6), we can rearrange (A.1.33) to give
1 Vv, =V,v, —n,0,V,n" + nun’ng)V — n,n,vaa”. (A.1.35)
This can then be used to show that
DyD,v, =1 V, (L V,v,)
=1V, V,u,+n,nVv,—n,0,V,n" —n,n,v,a’
(Vv 7V uUy uU,@") (A.1.36)

=1 V,V,u,— L (Van,) (Vyny)v?
=1 V.Vyu, — Ko, K 07

where this derivation has made use of the fact that 1 n* = 0. Rearranging

the above result, and using this, along with (2.2.24),

(DD, — D,D,)ws =®'R,, . ws, (A.1.37)

nro

in (A.1.32), gives

vt L R,uz/aﬁ = DBDQUZ, — DQDEUV + K,BZ/K&#U“ — Km,Kﬁuv“

(A.1.38)
= (Rouvas + KipKpa — Kpakyp) v'.

Therefore we now have the spatial projection of the 4-dimensional Riemann

tensor,
L Ruvap = R pap + KovKap — Ko Kpy. (A.1.39)

We now want to compute the spatial projection L R, where we have

R;wom - R,uuaﬁnﬁ‘ (A140)
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Using (A.1.32) and (A.1.11), we obtain

1 Rpppa =L (VaVun, —V,Van,)
=— 1 [Va(Ky,+nua,) =V, (Kapu + neay)]
=— 1 [VoK,), — VKo, + (Van, — Vyng) a,— (A.1.41)
nyVaa, +naVya,

= = (DaKip = Dy Kay)

hence the desired spatial projection is
L Ryoi = DyK o — D, K. (A.1.42)

These two spatial projections of the 4-dimensional Riemann tensor, (A.1.39)

and (A.1.42), are collectively known as the Gauss-Codazzi equations.

A.1.3 Preliminary results for the 3+1 decomposition of

the Einstein equations

When making the 3+1 split of an arbitrary symmetric tensor, we use (2.2.28),
O =L op =200 L 0yyn + 1y op. (A.1.43)

The Einstein tensor G, and stress-energy tensor 7),, are symmetric tensors,
therefore this can be sued to obtain the 3+1 split of the Einstein equations.
However, before we do this, we first consider some important preliminary re-
sults.

The spatial contraction of the 4-dimensional Ricci tensor (which appears

in G, ), which, using (2.2.22), can be written

1L RMV =1 (gaﬁR#al,g)

(A.1.44)
=1 (’yaﬁRuayﬁ) — L R;muﬁ-

Since v*¥ is a spatial tensor, the first term in the result above becomes

L (v Ruaws) =7 L Ruaws = 9°° L Ruows (A.1.45)
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which can then be used in (A.1.44) to give
L R =9 L Runws— L Rupvi- (A.1.46)
By using a 3+1 decomposition, as in (A.1.43), on R, we get
Ruiwi =L Runvi — 20 L Royinn + 1o Rianan =L Runvn (A.1.47)

in which the final result is achieved since most terms vanish due to the anti-
symmetry of the Riemann tensor over it first- and last-two indices. This allows
us to write (A.1.46) as

1L Ry = 9" L Ruavs — Runvir- (A.1.48)

It is then useful to consider the contraction of L R,, with ¢"”, which, using

the result above gives
" L R, = —Ran + 9" 9" L Raus. (A.1.49)

If we consider the 3+1 decomposition of R, using (2.2.28), then we can obtain
an alternative result for the contraction detailed above. A rearrangement of

this decomposition gives
1 RIW = RMV + 2n(u 1 R,,)ﬁ — nunl,Rﬁﬁ. (A150)
Contraction of this with g"” then gives

1
g LR, =R+ 5 (n” L Ryp +nt L Ry,) —nt'n,Ras

(A.1.51)
= R+ Run
which, when combined with (A.1.49), gives a useful result for R,
R=—2Rsi + ¢"¢"" L Ruavp- (A.1.52)

In (2.2.29), we introduce the physical interpretations of the contractions of the
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stress energy tensor,

0= Tﬁﬁ = T,u,l/n#nya (A153a)
=L T =~ 1 (T"n,), (A.1.53b)
¢, =LT,. (A.1.53¢)

These quantities are the local energy density (g) and momentum density (j*),
and the local stress-energy tensor measured by observers moving along n*
(€,,). Note that when contracting a tensor with n,, a minus sign is intro-
duced [217].

We now consider some useful results concerning an arbitrary spatial tensor of
the form S = S, ,,,. .. Firstly we show that for this spatial tensor, £,S is

also a spatial tensor, i.e.
1L LTLSMI)IJ'2'--M]€ = EnS}Ll,MQ...[J,k' (A154)

We demonstrate this by first expanding the Lie-derivative,

k
LSy g = 1V Sppisis T > (V") S i (A.1.55)

i=1

and then contract the j* index with n*,

k

5 LSy e = 11V Sy i + Y (V)0 S sty (A156)
i=1

Because S is a spatial tensor, all components within the sum are zero except

when i = j. We can also use and analogous relationship to (A.1.34) to ‘move’

the derivative term onto n#s, giving
WLy S o = =1 (Vo) Sy g 17 (Vo) Sy g, = 0, (AL157)

and since the projection of £,S with n* vanishes, it must be a spatial tensor,
hence we obtain the desired result (A.1.54).

Secondly, we want to show that for any arbitrary function, f, and spatial
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tensor S, we have

LSz = FL0S s puppie- (A.1.58)

Again we begin this proof by expanding the Lie-derivative, and obtain

k
L nSp o = 1"V oS o + Z Vi (f17) Sy iz

i=1
o v
= f"VuSu et
k

=1
k
— v E : v
- f n vVSuhuzmuk + (vuin )SN17M2~-V~-M¢
=1

= fﬁnsﬂum---uk-
(A.1.59)

We shall now argue that in the decomposition of the Einstein equations,

the vector
Nt = an” (A.1.60)

is a natural choice for use when computing time derivatives. making use of the
results given above. To aid this argument, we first will show that one property
of N* is

Ly L1F =0 (A.1.61)

and that this implies

1 ,CNSM’“Q'"M“ — ,CNSM’M"'M}“

(A.1.62)

V1,V2...1 v,V2..1010°

where this is now a result for a general spatial tensor (rather than the covariant

tensor used previously). The first result can be demonstrated, making use



APPENDIX A. CALCULATIONS FOR RELATIVISTIC EQUATIONS 228
of (A.1.6), (A.1.7), (A.1.13) and the expanded form of D, =1 V,, to give

Ly Lf = NOY, 1# — 1% Y Nb{ 1h 7, N

= (an®) V4 (0¥ + n'n,) — (05 +n“n,) Vu (an®)
+ (6K 4+ nfny) V, (an®)

= an*n*Vyn, + an,n*Vn' —V, (an*)
—n,n*V, (ant) + V, (an’) + n*n,V, (an®)

= an'a, + an,a" — n,n"n*V,a — an,a" (A.1.63)
+ anfn,V,n* —n*V, a

=an” [a, — o (Vya +n,nVaa)]

= an” (a,, - olel,a)

=an*la, — D, (Ina)]

=an" (a, —a,) = 0.
To use this result to show (A.1.62), we first note that since S is a spatial tensor,

2. _ v va U Q1,09...0
SHLHE uk”lvl’z---l’l _J‘uolélJ‘MOQQ T J_“gkj_ }51J‘ %2 € B S B1,62...01°
(A.1.64)

hence taking the Lie-derivative of this, and using (A.1.63), we see

[0, _
'CNS bHe kul,yg...yl - (A 1 65)
I I 1k 1z va .| Q1,a9...00
Lo, L L LG, - LT LS Br\Ba... B

which is simply the expanded form of (A.1.62).

We now justify our choice of N# as the natural orthogonal vector. We
introduced the dual-vector field, €2,, that locally describes the hypersurface
slices, and is related to n* through n* = —aQ* (the contravariant form of
(A.1.1)). We then have

N#Q, = antQ, = —a*Q"Q, = 1. (A.1.66)

since from (A.1.5) we have Q#Q, = —a 2. It is this normalisation which
makes N* a natural choice for use in the Lie-derivatives (and hence evolution

equations) of 7,, and K,,. However, there is no reason to restrict the vector
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for use in these Lie-derivatives to being normal to the slices. We can therefore
generalise N* by the addition of an arbitrary spatial vector, 6, known as the

shift vector,
th = Nt + p*. (A.1.67)

Because (* is purely spatial, t* still has the same normalisation as N#,
tQ, = N*Q, + 8*Q, =1+ a 'fn, = 1. (A.1.68)

With this generalised vector, the metric of the 3+1 decomposition can be
written as (]9, 142]),

ds* = — (o® — ;") dt* + 23;da’dt + v;;da’dar’. (A.1.69)

for which we have normal vector components

= (l,ﬂ)T (A.1.70)

« «

and normal dual-vector components

n, = (—a,0,0,0). (A.1.71)

In order to derive the evolution equations that result from the 3+1 split of the
Einstein equations it is instructive to consider the spatial projection of R4

Based on the definition of the Riemann tensor, this is given by
1 Rypwi =L n*(V,Van, —VoVyn,). (A.1.72)
Using the definition of the extrinsic curvature, (2.2.26), becomes
1 Rypwin =L 0V (K, +npay,) —nVy, (Ko +n0ay)] (A.1.73)

which, when expanded, and using (A.1.23), a, = Q" (V,a)Q, + o 'V, a,
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gives
L Rin =L (n*V.K,, +ay,a, +n,n*V,a
! ( ! ! ! (A.1.74)
—n*V, Koy —a,nVyn, —n°n,Vya,).
Many terms then vanish under the spatial projection, and by using n*n, = —1,
this then simplifies to
1 Rypwn =L (n*Vo Ky, +ava, —n*V, K, +V,a,). (A.1.75)

Since K, is a spatial tensor, i.e. n”K,, = 0, the covariant derivative of this

quantity also vanishes, hence using the product rule we have
—nV, Koy = (Vyn®) Ko, (A.1.76)
We then use this in (A.1.75), giving

1 Ruﬁl/ﬁ =1 [naVQKMV + (V,,na) Kau

(A.1.77)
+(V,n®) Koy — (V,n®) Ko + ava, + Vyoa,]

where we have added and then subtracted a (V,n®) K, term from the equa-

tion. This last step then allows this equation to be written as
1 Rypwn =L L, K, — (Vun®) Koy + ava, + Vya,] . (A.1.78)

From the definition of the extrinsic curvature, (2.2.26), we can write — L
(Vn®) Ko = K, *K,q, and since K, is a spatial tensor, this can be brought

back inside the spatial projection, giving
L Runwin =L (LoKy + K0 Kyo + aya, + Vya,) . (A.1.79)
The final two terms in this equation, when used with (A.1.22) can be written

1 (aya, +Vya,) =L [D,lnaD,Ina+V, (D, Ina)] (A.1.80)
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which simplifies to
1 (apa, + V,a,) =L [a®D,aDya+ V, (o 'Dya)] . (A.1.81)

The first term is entirely spatial, so using this, and expanding the covariant

derivative gives
1 (aya, +Vya,) = OFQDuaD,,omLofl 4 VZ,D#Oz—cf2 1 V,aD,a. (A.1.82)

The definition of the spatial derivative operator D, =1 V,, (2.2.23), means

that the first and last terms here cancel and we obtain
1 (aua, +V,a,) =a 'D,D,a. (A.1.83)

We can also simplify the projection of the Lie-derivative in (A.1.79), using the
results in (A.1.54) and (A.1.58), with N# = an’. From this, we see that since
K

w18 a spatial tensor, we have
1L LK =LK, =a ' LyK,,. (A.1.84)
Using these two results, we obtain the spatial projection of R4,

1L Rypn = a "LyK,y + KWK 4+ a7'D,D,a. (A.1.85)

A.1.4 The 3+1 split of the Einstein equations

Taking the 341 split of the Einstein equations results in two constraint equa-

tions and two evolution equations. Here we consider each of these in turn.
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Hamiltonian constraint

If we consider the contraction of both indices of the Einstein equations with

n* then we get
v v 1 v v
Gntn” = R,n"n" — ngn“n R = 8nT,,n'n
which, using (A.1.53a) and n*n, = —1, can be written
1
Ryq + §R = 8mo.
We then use (A.1.52) to replace the Ricci scalar, giving
1 v of3 _
Rian + 3 (=2Ran + 9" 9* L Ruavp) = 870

which simplifies to

1 vV
§g“ 9?1 Ry = 8T0.

Using (A.1.39), one of the Gauss-Codazzi equations, this becomes
1 v af
599 (Rwyﬁ + Kg, Koy — KaVKBM) = 87p.

The two contractions then bring this equation into the form

R+ K? — K' K", = 16m0.

(A.1.86)

(A.1.87)

(A.1.88)

(A.1.89)

(A.1.90)

(A.1.91)

where K = K Mu‘ This final result is known as the Hamiltonian constraint. We

refer to it as a constraint equations since it contains no time derivatives hence

must always be satisfied.

Momentum constraint

Another contraction of the Einstein equations uses the contravariant form,

1
G = R — 2g" R = 8xT"",

(A.1.92)
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We first contract with —n,,, giving
RMY 4 %n“R = SmTH", (A.1.93)
and then we project this result onto the slice,
1L R* 4 % L n'R=1 R" =8r L T"" = 8nj" (A.1.94)
where we have used (A.1.53b). Using (A.1.46), we see
L Ry =9"" L Ruvio— L Rupiin = =9 L Ruvan (A.1.95)
which, with use of (A.1.42), one of the Gauss-Codazzi equations, then becomes
1 Ryy=-9"(D,Kyo—D,K,o) =D, K —D"K,,,. (A.1.96)

When indices are suitably raised (noting the minus sign introduced by the n,,

contraction), we can express (A.1.94) as
D,K" — D'*K = 8mj*. (A.1.97)

This relationship is known as the momentum constraint. As with the Hamil-
tonian constraint there are no time derivatives present, only spatial derivatives
through D,,.

Evolution of the spatial metric

The evolution equations for the spatial metric, 7,,, follow from the definition

of the extrinsic curvature, as given in (2.2.27),
1
Ky = =5 La - (A.1.98)

For full generality, we need to consider Lie-derivatives along t* rather than n*.
We can use the property that for arbitrary vector fields v# and w* and tensor

T, we have
Ly T=LT+L,T. (A.1.99)
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For our general vector field ¢#, this implies

LV = Ly Y + LV (A.1.100)
which, using the definition in (A.1.98), gives the desired evolution equation

Ly = —2aK,, + LY. (A.1.101)

Evolution of the extrinsic curvature tensor

To derive the evolution equations for the extrinsic curvature, we first note a

result from the contraction of the Einstein equations,

1
"G = 9" Ry — 59’“’9/“,]% =8mg"'T,,, (A.1.102)

simplifying to give .
G=R-— 5(55]% =—R=8xT (A.1.103)

where, in 4-dimensions, we have o/ = 4. Using this, we can write the field

equations as

1 1
R,, = 81T, + §g,“,R =8 (TW — §gWT) . (A.1.104)
A spatial projection of this then gives
1
1L R, =8 (L T, — 5WT) . (A.1.105)

The 341 decomposition of the stress-energy tensor 7}, can be rearranged as

1 Tuu = QEMV = TMV + 2”(‘“ 1 Ty)ﬁ — n#nyTﬁﬁ. (A1106)
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in which the definition of &

this result then gives

uvs (A1.53c), has been used. The contraction of

QEMM =¢=T -+ 2nt L Tuﬁ - n“nNTﬁﬁ. (A1107)

The middle term then vanishes since a spatial tensor is being projected with

n*, and using ¢ = Tha, (A.1.53a), and rearranging, we get
T=¢-—np. (A.1.108)

We can therefore rewrite (A.1.105) as

1
1 R, =8m|€, — 3 i (€—0)]. (A.1.109)

The spatial projection of the Ricci scalar, 1. R,,, can also be written in the

)
form seen in (A.1.46), where the results for contractions of the Riemann tensor,

(A.1.40) and (A.1.85), are used

L Ry =— (o' LyK + KK+ a'D,Dya)

5 (A.1.110)
+g0‘ (R;u/aﬁ + K,uVKaﬁ — KﬂaKﬁV) .

Applying the contraction with ¢®® and simplifying gives
L Ry =—a '"LyK, —2K,K% —a™'D,Dya+R,, + KK, (A1lll)

Since N* = t#* — (., using the property of Lie-derivatives given in (A.1.99) and
equating (A.1.109) and (A.1.111), gives, with some rearranging, an evolution
equation for K,
LK, =LsK,, —D,D,o+ &{RW + KK,

(A.1.112)

1
—2K,, K, — 8r {QSW — 5 (€ — g)} } .

There is another useful form of the evolution equation for the extrinsic curva-

ture which uses the ‘mixed’ form, K* . This is derived from the relationship
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given above, noting that Ly K, = LK, — L3K,,,, which can be written

—Oflf,NKW — 2K, K", — oleMD,,oz
(A.1.113)

1
+RMV + KKW, = 8m |:Q3,uy — 5’}/#,/ (QE — Q):| .

Since all terms in this equation are spatial, we can use v* to raise the indices

giving

—a LN Ky — 2K K, — a” ' DP Do

1 (A.1.114)
+RV, + KK", =8 [@“V D) 18 (€ — g)} .
We can then rewrite the Lie-derivative term as
LyKY =Ly (YW Kya)
= KaVL HE Ayl L Kau
N (A.1.115)

= aK, LA+ Ly Ko
= 20K, K" + " LyK,,
where the definition of the extrinsic curvature, (A.1.98) has been used to obtain

the final result. This result, once N# = t#— (" has been used, gives the ‘mixed’

evolution equation for the extrinsic curvature,

1
LKV, = LsKY, — D'"Dya+ « {R“V + KK" + 8 5 18 (& —p) — @“V] } .
(A.11116)

A.1.5 The Lorentz factor

As a final consideration we consider how some useful physical parameters are
defined based on the 3+1 split of the Einstein equations. We can define a
scalar parameter, W, as

W = —ufn, (A.1.117)

which, using (2.2.33), simplifies to

W = au' (A.1.118)
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In order to show the physical relevance of this factor, we use the 3-velocity, (A.1.119),

v = -+ —.
au (6%

(A.1.119)

A covariant form of the 3-velocity, (2.2.40) is then obtained by lowering the
indices of u',
u; = gyt = gigu' + i’ (A.1.120)

Using (2.2.31) we see g; = (3;, and rearranging (2.2.39) to replace u’ gives
u; = B’ + yiut (o’ — F7) = W, (A.1.121)

where since v and ' are spatial tensors, they can be contracted with ~,;,
and (A.1.118) has been used. This then yields (2.2.40),

Us

P = —. A.1.122
v =1 (A1122)
The physical meaning of the scalar W arises from the fact that u,u* = —1.

We first need to rewrite uy,
U = Gt = guu' + guu (A.1.123)

which, using (2.2.31), (A.1.118) and (2.2.39) can be written
0% ‘ W ,
Uy = o (—a2 + ﬁlﬁ’) + @E (ozvz — ﬁz) =alW (—1 + ﬂivz) ) (A.1.124)

We then have

uyutt = wud Fuut = oW (—1 + ﬁivi) —+
@
Simplifying gives
W2 (=1+vp') = -1 (A.1.126)
which, when rearranged becomes

W L (A.1.127)

V1=t

We can clearly see that this is the Lorentz factor as measured by Eulerian
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observers.

A.2 Derivation of the spacetime and fluid evo-

lution equations in spherical symmetry

Here we derive the fluid evolution equations from the conservation equations
in polar-areal coordinates described in section 2.2. We also use the 3+1 split
of the Einstein equations, shown in section 2.2.1, to obtain the constraint

equations and describe the evolution of the spacetime.

A.2.1 Spacetime quantities

In this section, before undertaking any derivations, it is useful to consider
the spacetime quantities in polar-areal form. We first note the non-vanishing

Christoffel symbols in polar-areal coordinates,

It =ada/a?, rt, =odaa/a, rt. =aod.a/a,

re. = Fir =1/r, TY, = —sinfcosb, Fie = cot 0, (A2.1)
Iy, =-—rsin®0/a® Ty, =—r/d? Iy, =ad.afd,

v, =oda/a, 7, =odwa/a.

The single non-vanishing term of the extrinsic curvature K,, can then be cal-
culated, starting with (A.1.31),
1

K;w - _§£ng/w

(n*Vaguw + 9o V,un® + 9uaVon®)

|
DN | —

(Vun, +Vyn,) (A.2.2)

(0uny — T, 00 4 Oyny — g ng)

N RN~

(8unw + Oyny — 20,04 -
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Using n; = 0, we then get

Ko =Ty = _a@ta
o
From this, it follows that
K=K =¢K; = G
aa

and

RY, =R, = L ro.a+ a® —a),
0

¢ r2q3

and from these, we obtain

2
R:W(Qrﬁra+a3—a).

A.2.2 Hamiltonian constraint

(A.2.3)

(A.2.4)

(A.2.5)

(A.2.6)

(A.2.7)

We can now consider the polar-areal form of the results from making the 341

decomposition of the Einstein equations in section 2.2. We begin with the

Hamiltonian constraint

R+ K? — K" K", = 16mp.

(A.2.8)

In polar-areal coordinates, since the only non-vanishing component of the ex-
trinsic curvature is K., we have K# K" = K" K', = K*, and using (A.2.7)

gives the Hamiltonian constraint as

2 (27"&@ +a® — a) = 16mo.

r2q3

(A.2.9)
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This can then be rearranged to give

2, 1
21— = =8mr. (A.2.10)
a

a3

By using the mass aspect function (2.2.75),

m(t,r)zg(l— ! ) (A.2.11)

a(t,r)’
we can then arrange this to give the Hamiltonian constraint as

ra

= a? (47?7"@ — @> . (A.2.12)

r2
This is then a constraint equation for the function a(r,t). We can write this
in terms of the conserved variables using the definition of ¢ in polar-areal
coordinates,

0 =Ty =T,n'n" =Tyn'n' = F. (A.2.13)

The polar-areal form of the Hamiltonian constraint can then be written

ora
a

= a’ (47r7‘ (tr+D)— @> . (A.2.14)

72

A.2.3 Momentum constraint

Here we consider the polar-areal form of the momentum constraint, which uses
(2.2.35), but the free index is lowered with g,,,

D,K", — D,K = 8mj,. (A.2.15)

Using the definition of the spatial derivative, D, =1 V,, and expanding L for

the free index, this can then be written

(67 +nun®) V, K, — (65 + nun®) Vo K = 8mj,. (A.2.16)
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Expanding this and noting that the covariant derivative of a scalar (K) is

equivalent to a partial derivative gives,
VK", +nm*V, K", — 0,K +n,n"0, K = 8mjy,. (A.2.17)

Since (A.1.53b) defines j# =1 T*" which is a spatial tensor, the above is non-
zero when g is a spatial index. All spatial components of n* and n, are zero
in polar areal coordinates therefore upon expanding the covariant derivative,
we get

O K" + I} K = I}, K", — 0,;K = 8nj; (A.2.18)

For this to be non-vanishing we require ;4 = v = r and ¢ = r hence the equation

above can be simplified to give

K —TI K =8nrj. (A.2.19)
Upon expanding the dummy index and simplifying we obtain

% K" +T9 K" = 8j,. (A.2.20)

Using (A.2.1) and (A.2.4), we can write this as

= 817, (A.2.21)
typically rearranged to give an evolution equation for a
oia = —4nwraaj,. (A.2.22)
Finally, this can be written in terms of the conserved variables using (2.2.81),
Jr = Sy, (A.2.23)
giving the polar-areal form of the momentum constraint,

oya = —4nraas,. (A.2.24)
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A.2.4 Slicing condition

A constraint equation for o can be obtained from the evolution equation for
the extrinsic curvature, in particular from the Ky component. We begin
with (A.1.112),

LK,y = LsK,, — D, D, + a{RW + KK,
(A.2.25)

1
_QKMQKO‘V — 87T |:QEMI/ — 5’)//“, (G — Q):| } .

For this derivation, it is useful to consider each component in this equation
individually. We first note that for p = v = 6, all terms involving the extrinsic
curvature tensor vanish, as will any terms involving n, or n#. The spatial

derivative term can be expanded to give

D,D,a=1V,(LV,«a)
=1 V, (05 + n,n%) 0ua] (A.2.26)
=1V, (Oya+n,n"0,a) .

Expanding the remaining spatial projection operator gives

D,D,a = ((55 + nuna) ((55 + nynﬁ) Va0

(A.2.27)
+ (67 4+ n,n”) (5] + nyn?) Vg (nyn®da0)
and further manipulation yields
DDy = (85 +nun®) (VaOya + n,n"V 050 (A.2.28)
+ (67 4+ n,m”) [V (nun®0a) + nyn'Vg (nyn“0aa))] . -
The only non-vanishing term in the above equation will be
53Va8,,a =V, 0,a
(A.2.29)

= 0,0,00 — Ffflﬁaoc

which, using (A.2.1) to obtain the non-vanishing Christoffel symbols, means

we have

Dy Dy = 8y0pe — T%p0p0 = %ara (A.2.30)
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where we note that « is a function of r and ¢ only.

We now consider the R, term, which we can write as
Ryw = guaR%, (A.2.31)
the 4 = v = 6 component of which is
e 0 1 3
90aRY = 9oe R’y = ] (r@ra +a’ — a) ) (A.2.32)

The €,, and € = ¢, terms use (2.2.29¢), ¢, =L T,,. This can then be
expanded as
€ = (07 +nun®) (67 + nyn”) Tog. (A.2.33)

In the p = v = 7 case, we can see that the only non-vanishing term will be
5267 1.3, hence we have

Using the results (A.2.30), (A.2.32) and gy = r* in the g = v = 6 compo-
nent of (A.2.25), yields

7“2

r 1 ;
—50a+ta {5 (ro,a+a® —a) —8r {Tg(, ) (1", — g)} } =0. (A.2.35)

This can then be rearranged to give the slicing condition for polar-areal coor-

dinates as
oo Oa 1, 8mra? o
_ - 1 Ty — — (T — . A.2.36
- . + . (a )+ . [ 00 5 ( i Q) ( )

In order to write this in terms of the conserved variables, we first use the
Hamiltonian constraint (A.2.14), to give
8ma? r?

Tyo — 5 (", — 0)| . (A.2.37)

oMe}

Q

1
:a2<47r7*E—@2>+—(a2—1)+
r r
We then need 7%, where, using the symmetry of the metric g,,,, we have

" = S0 +p, 7% =T% =p (A.2.38)
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hence we have
T' = S,v" + 3p. (A.2.39)

Similarly, we also have

Tyo = r°p. (A.2.40)
Using these in (A.2.38), with (2.2.78) gives

O,

«

1 8 2 2
= a? (47rrE — @2) +=(a®>=1)+ m {72 L
T r

p—E(STU’"—i—Sp—E) :
(A.2.41)

Expanding terms and rewriting m term using the mass-aspect function defini-
tion, (2.2.75), gives

0, 2 1 1
C et - (1-= )+ = (a* = 1) 4 4mra® (S,v” + p) — dmra®E.
o 2r a? r
(A.2.42)
Simplifying this, we get
o, a® [r 1
= 4qra® (S,0" —|=(1-= A24
- mra® (Syv —i—p)—i—rQ [2( a2)} ( 3)

which can finally be written as the polar-areal constraint equation for «,

O,

(%

=a® |47r (S,v" + p) + %] : (A.2.44)

A.2.5 Conservation of rest mass density

Here we consider the polar-areal form of the conservation of mass, (2.2.14),
V. (pout) = 0. (A.2.45)
Expanding the covariant derivative gives

A (pout') +T, (pou”) =0 (A.2.46)
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which, since the only the ¢ and r components of the 4-velocity are non-

vanishing, (2.2.76), we have
O, (pout) + 0, (pou”) + Fﬁt (pgut) + T, (pou”) = 0. (A.2.47)

Writing the 4-velocity components in terms of the 3-velocity components (u' =

W/a, u" = Wo") and using the non-vanishing Christoffel symbols gives

W W
) (p 0 ) + 0, (poWo") + (T, +17,) 22
a a (A.2.48)

n (Fﬁr FIT 4 TY 4 r‘i) poWo' = 0.

Using D = poW, (2.2.63a), and the polar-areal forms of the Christoffel sym-
bols, (A.2.1), this can be written

) (2> +0, (Dv")+ (at—a + %> D, (ara N 2) Dv" =0 (A.2.49)

(] (% a (% (0% a T

which can then be expanded and rearranged to give

1 D D D
—atD - —2@04 + —Q@a + —8ta
« (0] (0] aa

A.2.50)
Dv" Dv" 2Dv" (
+0, (DV") + 8,0 + —dha + —— = 0.
« a r
Multiplying through by r?aa and rewriting some terms yields
r2a0;D + r*Ddya + r*aad, (Dv") + r’aDv"0,«
(A.2.51)

+r’aDv"0,a + caDv" 0, (rQ) = 0.

This can finally be written as

O (aD) + T—128,, (rzozaDvT) = 0. (A.2.52)
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A.2.6 Conservation of total energy density

The conservation of total energy density, and hence the evolution of 7, is
obtained from (2.2.15),
v, = 0. (A.2.53)

Expanding the covariant derivative gives
9T +Th T 4T, T" =0 (A.2.54)
which can be written for non-vanishing stress-energy tensor components as
T + 0, T + T, T + T4, T + T}, T" + 2T, T + T, T = 0. (A.2.55)

Using (2.2.77) to write the components of the stress-energy tensor in terms of
the conserved variables and considering only non-vanishing Christoffel symbols

gives

E ST . .\ E
O (E) + 0, (E) + (T +T7) 2
r E
+ (F’;T FT7 4T, + rﬂ) 5 T~ (A.2.56)
o [0
S’r‘
2T, — + T, (S’“qﬂ” + %) =0.
(% a

Expanding the derivative terms and giving the explicit form of the Christoffel
symbols, (A.2.1), yields

1 2F 1 ST FE
— O F — —0,a+ —0,5" — —0,a + — 0«
o? 1% «Q o? 1%
E ST ST 25"  FE
+—0a + —0,a+ —0,a + + =0« (A.2.57)
a?a o? aa ra o’
257
+?8TOZ + % (STUT + %) 815@ =0.

We then rearrange this, and multiply through by 7%aa,

r2adFE + r?’Eda + r*aad,S” + r?aS"0,a + r?aS"0,a

A.2.58
+ aaS"0, (r*) = —r’a® (Srv’" + %) dva — r2aS" 0. ( )
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If we use (2.2.53), S* = (E + p)v', to rewrite the S” terms on the left hand

side of this equation and simplify, we get
O (aF) + 8 [rPaa(E+p)ov'] = (Srvr + > da — aS" 0, (A.2.59)

a balance-law evolution equation for E. As in SR, we use the variable 7 =

E — D, hence by subtracting (A.2.52) from the equation above we get
O, (at) + - 8 [r*aa (1 +p)v'] = (SW‘ + )&a— aS 0. (A.2.60)

We can use the momentum constraint, (A.2.24), and the slicing condition, (A.2.44),

to write the source term as
<Srvr + ) oya — aS" 0«
T T p
=—a (S v+ ?> (—4mraaS,) (A.2.61)

m
—aaS" {aQ [47r?" (Spv" +p)+ —2] } .
r
By noting that the 47raaS™S,v" terms cancel, this can be written

<STUT + > oya — aS" 0.« A2)

aamS”

= dnroaS,p — drraa®Sp — 5
”

The right hand side can be simplified since S, = g¢,,,S* = ¢*S", and using this

relationship to rewrite the only remaining term, we have

Sy
(SW" + ) Ba — aSO,a = O‘“:Z . (A.2.63)
Therefore the evolution equation for 7 can be given by
aam.sS,
O (at) —I— 8 [FPaa(r +p)v'] = — . (A.2.64)

r2
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A.2.7 Conservation of momentum

The conservation of momentum can be expressed in polar-areal form using
the spatial components of (2.2.15), V, 7" and noting that only the radial

component is non-vanishing. Therefore this can be written
v, =90, + T, T" + 1T = 0. (A.2.65)

Considering only the non-vanishing Christoffel symbols and stress-energy ten-
sor components, we can expand this to get
oI + 0,1 + (I}, +Ty,) T
o+ (Tt + Ty, + Tfpete 4 T, ) T 4 T, 7" (A.2.66)

20, T + T, T + T T + T3, T¢ =0

T

In order to obtain the evolution equation for S,, we again use the result that
S, = a®S" to write the stress-energy components T = S,/ (aa?), T =

(S,v" + p) /a?, hence the above equation can be written explicitly as

o () vo () 4 (224 2) 2
aa a « a aaq

oo«  Oa 2\ Su"+ oad,a B 20ia S,
+( + +—> B (A.2.67)
« a T a a? « a aa
+8Ta Sa"+p r p rsin’f p _0
a a? a2 r? a2 r?sin®f
Expanding the derivative terms, and rearranging then gives
1 S, 1 Syv”
0,5+ dat =0, (S +p) + 2 Po
aa? aa? a? aa?
S,o” Syo” E
+ 2 I Ph 0 2V P (12) 4 0 (A.2.68)
a? r? aa?
Syo” 2
I ) P

a3 ra?
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We then multiply through by r2aa® to get

r2ad,S, + r2S,0,a + r’aad, (S,v" + p) + r2a (S,v" + p) O«
+ra (S,0" + p) 0ra + aa (S,0" + p) 0, (r*) + r*aEd,a (A.2.69)
—r?a (S,v" + p) O,a — 2raap = 0

which can then be written

1 2
O (aS,)+—0, [rPaa (S0 +p)| = e Y (S;v" 4+ p) dra—aEd.a. (A.2.70)
T r
We can then use the Hamiltonian constraint, (A.2.14), and the slicing condi-

tion, (A.2.44) to rewrite the final two source terms,

a(Sv" +p)d.a — aEd.a = aa® (S,0" + p) (47T7“E - %)

(A.2.71)
—ad’FE [4#7’ (Syv" +p) + g} .

To simplify this we note that the 4rraa®E (S,v" + p) terms cancel, giving

3

a(Sv" +p)ora—aEd.a = _ac;m (Sv"+p+ E). (A.2.72)

Using 7 = E — D, the evolution equation for .S, can then be written

a*m 2
——Q(STUT+p+T+D)+—p

r

(A.2.73)

Oy (aS,) + %ar [T2aa (S.o" —i—p)} = aa

A.3 Derivation of the TOV equations

In section 2.6 we introduced the TOV equations for deriving a hydrostatic
equilibrium solution for a self gravitating spherically symmetric body in GR.
Here we derive the TOV equations for m, & and p from the static case of
the evolution equations in polar-areal coordinates, (2.2.97) and the respective

constraint equations. The equation for m is obtained from the Hamiltonian
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constraint, (2.2.83),

% = a? (47r7‘E — @> , (A.3.1)

where we note that for a static spacetime the partial derivative will become

an ordinary derivative and we have W = 1, hence
E = pohW? —p=poh —p=po(1+¢) (A.3.2)

where the last step uses the definition of specific enthalpy, h = 1 4+ € + p/po.

Using the mass aspect function to express a in terms of m and r gives

T

Expanding the derivative term gives

1 2m —3/2 2m  2dm 2m —3/2 m
e UL I G [4 1 ——}
2( r) (7’2 rdr) ( 7‘) mrpo(1+¢) 72

which simplifies to
dm

The equation for a (or ®) arises naturally from the slicing condition, (2.2.87),

Oy 9 m
— a2 [4rr (5,07 —] , A.3.6
- a® |4mr (S,0" + p) + > ( )
since 13 d 1d
Q@
= —lna=-—". A.3.7
dr dr ne adr ( )
By considering the static case of (A.3.6), again writing a in terms of m and r,
we obtain .
dd 2m\  /m
O _ (12 ey As
dr ( r > <r2 amrp (A-38)

which simplifies to
d®  m+4nrp

dr  r(r—2m) (4-39)



APPENDIX A. CALCULATIONS FOR RELATIVISTIC EQUATIONS 251

Finally the equation for p comes from the evolution equation for the momen-
tum, (2.2.97),

a*m

r2

0yaS, + 30,3 (rzaaSrvT) + J,aap = _¢ (Sv"+p+7+ D), (A.3.10)

which, in the static case, becomes

d aa®mpoh
< (oap) = ~ 2T

i > (A.3.11)

where we have used 7 = pghW? — p — D. This can be rearranged to give

dp da da aa*mpoh
—_— = A.3.12
aadr—i-apdT-I—apdr 2 (A.3.12)

and further manipulation yields

———0Dp (A.3.13)

where & = pohW? — p has been used. We can then use the Hamiltonian

constraint and slicing condition to write

dp 1 da a’*m (E + p)

2 m 2 m
dr  adr 72 +Ea (47”7) i ﬁ) e (47WE B _2> b

-
(A3.14)
and, using the definition of F, (A.3.2), and TOV equation for ®, (A.3.7), we
can simplify this, giving

dp

— = [po(1+¢) +p a0

— A3.15
dr dr ( )

Note all other evolution equations reduce to the trivial vanishing case for a

static star.



Appendix B

Calculations for numerical

techniques

B.1 PPM

Here we give a detailed description of PPM introduced in section 3.4.3. In [46]
the method is given for arbitrary grid spacing. To keep our description con-
sistent with the numerical techniques given throughout this thesis, we restrict
ourselves to the fixed spacing Ax. We also apply the relativistic corrections
given in [134].

Initially a central differenced approximation of the derivative across a cell,
0q;, is taken,

A Qi-l-l _(Ali—l
o = it izl B.1.1
q S Ay ( )

This approximation is then steepened if necessary, to a new estimate of the
slope, 0,,q. As with minmod and MC limiter, if the cell x; contains a maximum
or minimum of q, then we set 9,,q; = 0. Otherwise, the slope may be steepened

using

This ‘smooths’ the approximation to the derivatives near discontinuous fea-
tures, in a similar manner to the method through which the slope was obtained
for the MC limiter, (3.4.5). The region in which the discontinuity is captured

is reduced by this, i.e. the feature has been steepened. From these steepened

252
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derivatives, we can obtain first approximations for the reconstructed values at

the cell boundaries,

Qi+ Qi1 0@ — OmQig
Q172 = + )
2 6

(B.1.3)

ﬁlzg+1)*1/2 = Q)2 (B.1.4)

This is then a fourth-order polynomial reconstruction, and therefore leads to
PPM having a third-order convergence as Az is decreased (for uniform grid
spacing).

The discontinuous regions can then be steepened further. We first define a
parameter 7 is used to determine how much steepening occurs. This parameter
is non-zero if there is a sufficiently large discontinuity, if the density satisfies

the condition

02p0,i+102p0,i—1 < 0, |p0,i+1 — Poi—1| —esmin (|poit1], |poi—1]) > 0 (B.1.5)
where d2p9; is an approximate second derivative of the density at x;,

i+1 — 2P0 i
02p0,i = Foi+1 Poi 1 P01 (B.1.6)

6 (Ax)’

and €g is a parameter that determines how large a gradient must be before it

is considered a discontinuity. If this condition is satisfied then we have

= Poi—2 — Po,i+2 +4dpo,;

i B.1.7
7 12070, (B.1.7)

This parameter is then used to define a second parameter, 7, which actually

gives the extent of the steepening, and is non-zero if

Yko [0po,i| min (pi—1, piy1) > |dps| min (poi-1, poit1) (B.1.8)

where kg is a problem dependent constant. Assuming this is satisfied, we then

have
n; = max {0, min [1, nW (17 — 77(2))” (B.1.9)

where n" and 7® are two further constants and are selected such that the

switch between the steepened and non-steepened reconstructions is smooth.
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Typical values for these constants are eg = 0.1, ko = 1, n™ = 5 and ®® = 0.05.
We then use these parameters to steepen the reconstructed density profile in

regions near a discontinuity, hence we redefine g through

- - 1
Pii = Pz’i (1 —m) +m (Po,iﬂ + §5mpo,i$1> : (B.1.10)

By steepening the discontinuities, we have large derivatives over a small region
of the discontinuity, and these can lead to oscillatory behaviour. The accuracy
away from the discontinuity as a result of the steepening suggests that rather
than altering these procedures, it is advantageous to introduce some dissipation
across the region of the discontinuity. This is known as zone flattening, and
applies only to cells which have a large gradient across them. By flattening each
cell individually, reconstructed discontinuities take on a ‘stepped’ appearance
(note this is for finding the intercell fluxes, this stepped appearance will not
be present in the numerical solution). We therefore introduce a flattening
parameter (, which provides the degree of flattening that occurs, based on
a further parameter w, which determines whether we are actually within a

discontinuity. Specifically, we have w; = 1 if
(sz > emin (pl',hplqu), (S’Ui <0 (Blll)

for a shock moving in the positive x-direction and w; = 0 otherwise, where ¢
determines the jump required for a feature to be considered a shock. We then

obtain an initial value for the flattening parameter, ¢,

(; = max {O, 1 — w; max {O,w@) (JZM — w(l))l } (B.1.12)
Pit2 — Pi—2

where w® and w® are constants which determine the level of dissipation.
Typical values for these constants are e = 1, w® = 0.5, w® = 10. Care must
be taken if there is a sudden spike in the density in otherwise smooth data,
i.e. piio = pi_2. In such cases we manually set §~ = 1.

The flattening parameter ( is then determined based on local values of C.
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We define o; such that

1 0 ; < 0
o = g (B.1.13)
—1 5]?2 >0
from which we have
(i = max <C~i, §i+ai> : (B.1.14)

The reconstructed variables are then flattened by
a; =¢a; +(1-Qa. (B.1.15)

In case of a strong discontinuity, we will have ¢ = 0, and hence in these regions
the reconstruction is equivalent to the original Godunov scheme i.e. piecewise
constant reconstruction.

The various stages of PPM can lead to the reconstruction not being mono-
tonic. If this is the case then errors could enter the evolution. The final stage
of PPM therefore ensures that the reconstruction is monotonic everywhere.
This is ensured through
’

4 =q (@ —a) (@ —a;) <0

T =+_=—)2
a =34, 27 (qf —a) (q - 95e) > 0
a" =3sa-2q (@ —a) (@ - 5%)

a =qf otherwise
\

We then have SSP reconstructed states that can be used in the Riemann

solver of choice.
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