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Abstract ii

Abstract

In this thesis I consider three different projects in numerical relativity. The first one is a study
of the spherically-symmetric collapse of a scalar field with a potential that mimics the inclusion
of angular momentum. This work has been carried out in collaboration with M. W. Choptuik,
W. Unruh and J. Ventrella. In this study we found a new family of type II critical solutions which
are discretely self similar.

The second project involves work I did in another collaboration with M. W. Choptuik, L. Lehner,
R. Petryk, F. Pretorius and H. Villegas. Here we study the dynamical evolution of 5-dimensional
generalizations of black holes, called black strings, which are known to be unstable to sufficiently
long-wavelength perturbations along the string direction. Not only have we been able to dynami-
cally trigger the instability, explicitly verifying the results from perturbation theory, we have been
able to evolve for sufficiently long times to observe that the system goes through a phase (not
necessarily the final end-state) that resembles a series of black holes connected by a thin black
string.

The third and most extensive part of this thesis is a study of ideal fluids fully coupled to gravity,
both in spherical symmetry and in axisymmetry. In this project we have cast both the dynamic
and equilibrium equations for general relativistic hydrodynamics in the 24141 formalism and in a
way that is tailor-made for the use of high resolution shock capturing methods. In addition, our
implementation, for the case of no rotation, is able to evolve discontinuous data and has proven to
be convergent. Unfortunately our implementation currently has too much numerical dissipation,
and suggests that the use of adaptive methods may be very helpful in achieving long term evolution

of star-like configurations.
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Chapter 1

Introduction

Strong, dynamical gravity plays a crucial role in many interesting astrophysical systems. Especially
when the strength of gravity becomes such that the typical length scale, R, of the system is
comparable to the gravitational length scale, Lg = GM/c?, defined by the mass, M, of the system,
(G and c are, respectively, Newton’s constant, and the speed of light in vacuum) or typical velocities
are comparable to ¢, Newtonian gravity fails to completely describe the dynamics of the system. In
such cases Einstein’s theory of gravitation—general relativity—gives a more accurate description.
Some examples of these astrophysical systems are supernovae explosions, neutron stars (including
pulsars), and black holes.

In Einstein’s theory of gravitation the effects of gravity are encapsulated in a Lorentzian metric
tensor, g3, defined on a differentiable manifold. This manifold is identified with the region of
the universe (i.e. space and time) in which we are interested. This metric tensor tells us how
distances and times change from point to point in the manifold and this translates directly to how
one measures distances and times in the physical spacetime. The theory provides equations that

the metric tensor satisfies, known as the Einstein field equations:

8rG

Gop is known as the Einstein tensor and, in general, is a very complicated function of the metric

Jap as well as its first and second spatial and temporal derivatives. Specifically

1
Gag = Rag — §gaﬁR7 (1.2)

where Rqgp is the Ricci tensor and R = Tr[R,g] is the Ricci scalar (Tt denotes the trace). On the
right hand side of equation ([[I]) we have the stress-energy tensor, T3, which describes the matter
content in our spacetime.

The tensor form of the Einstein equations hide their great complexity when written out explic-
itly in a specific coordinate system. In general they are 10 coupled, non-linear, time-dependent
partial differential equations, which for most cases, particularly those of astrophysical interest, are
amenable only to numerical solution. Additionally, these equations are invariant under general

diffeomorphisms. This invariance is associated with the coordinate invariance or covariance of the
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physical theory. In general we need to fix the coordinate system in some way. This frequently
involves solving some extra partial differential equations.

The purpose of this thesis is to numerically evolve these equations for three different situations,
focusing on the case in which Ty g is the stress-energy tensor associated with a perfect fluid so that
we must solve the equations of general relativistic hydrodynamics along with Einstein’s equations.
Spacetimes containing scalar fields as well as vacuum solutions are also considered.

In particular in Chap. Bl we discuss a new family of critical solutions that has been discovered
in collaboration with M. Choptuik, W. Unruh and J. Ventrella. These results were found for a
massless scalar field in spherical symmetry with a potential that tries to mimic the effects of angular
momentum. I played a leading role in almost all phases of this project.

In Chap. Bl we discuss the main results of a collaboration with M. Choptuik, L. Lehner,
R. Petryk, F. Pretorius and H. Villegas in which the instability of a black string, a five dimensional
extension to a black hole, was studied dynamically [[1§]. T focus on the parts of the computations
for which I was responsible; this involved solving the initial data constraints and developing some
tools for analysis of the physics of the solutions.

In the last part of the thesis, Chaps. @l and Bl we discuss our efforts to study the evolution of
a perfect fluid in axisymmetric spacetimes. The equations for the fluid and the geometry in the
so-called 24141 formalism are presented and our numerical implementation of a computer code to
solve the system is explained in detail.

The remainder of this introductory chapter is organized as follows. First, in Sec. [Tl we discuss
one way to cast equations ([l) in a way that is appropriate for their solution as an initial-value
(dynamical) problem. This formalism is the one used in Chaps. B Bl and Bl and it is a crucial
part of the formalism used in Chap. Bl Then, in Sec. [[A we briefly introduce the topic of critical
phenomena in gravitational collapse. A short introduction to black holes and black strings in 5
dimensions follows. In Sec. [[4}, an introduction to, and a summary of, previous work in relativistic
hydrodynamics is given. We conclude with a brief summary of the results of the thesis in Sec. [[A

In the remainder of the thesis we choose units such that G = ¢ = 1, we adopt the Einstein
summation convention for tensor-component indices, and we use the signature {—, +, 4+, +} for the
metric tensor gog. Greek/lower-case latin/upper-case latin indices are 4-dimensional (spacetime),
3-dimensional (spatial) and 2-dimensional (spatial) tensor-component indices, respectively. Indices
involving letters from the beginning of each alphabet, i.e. «, 3, v,..., a, b, ¢,... and A, B, C are
generally abstract tensor indices, while those involving letters near the middle of each alphabet,
ie. w, v, &,..., 0,4, k,... and I, J, K,... generally refer to tensor components taken with respect to

some specific coordinate system.
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1.1 341 Decomposition

In this section we discuss a way of rewriting equations ([Tl) in a form tailor-made for the study
of their evolution. There are many people who have worked on the problem of decomposing
these equations: [d], [10], [71] and [115] describe some of the main efforts. Here we follow York’s
development [115], which gives a “3+1” decomposition of the field equations ([[II), and a set of
first-order-in-time equations for dynamical variables describing the geometry. Our goals are to
choose the values of the free fields defined at an instant of time (constant-t spacelike hypersurface),
and to find the solution of the geometry and the matter for the whole subsequent spacetime (future
or past development of the initial data). In this decomposition of equations (I, it is also possible
to identify which geometric fields are to be freely chosen at the initial time—this is a non-trivial
issue due to the existence of the constraints (described below).

Since we want to set initial data at a constant-t hypersurface, it is natural to foliate the space-
time with spacelike hypersurfaces of constant time. This foliation will produce a decomposition
of equations ([LIJ) into equations constraining dynamical quantities intrinsic to each hypersurface,
and equations that tell us how to propagate these dynamical variables from hypersurface to hyper-
surface.

One way of defining the foliation is by introducing a scalar field ¢ with the following property:
the level sets defined by this scalar field, i.e. surfaces of constant ¢, must be spacelike hypersurfaces,
meaning that any vector field defined on the hypersurfaces is spacelike. For now, we will assume
that these hypersurfaces cover all of the spacetime (or at least the region of interest) and that they

are free of (physical) singularities. Associated with ¢ is the (locally) closed one form, €, given by
Qu = Vat. (1.3)

Since the slices are spacelike, €2, is timelike, and we can therefore write the square of its norm as

1

902y = ——, (1.4)

where « is a positive functiorﬂ. Notice that the distance (actually the proper time) between
hypersurfaces labelled by ¢ and ¢ + dt, as measured by observers moving orthogonally to the slices,
is adt. For this reason, «, is usually called the lapse function. It is useful to define the normalized
one-form, w,,

Wo = afdy, (1.5)

and the unit normal vector, n®

[e3

n® = —g*Pwpg, (1.6)

IThose not familiar with tensor analysis should not confuse the a function with the o index.
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where the sign has been chosen so that n® is future-directed. Using this definition the metric, v4g3,

induced in the spacelike hypersurface can be written as

YaB = Jas + NaNga. (1.7)

Yag is a purely spatial tensor, i.e. it has no component along n®:

Wagnﬁ = gagnﬁ + nangnﬁ =Ny —Ng =0, (1.8)
where we have used the fact that non® = —1. It is also important to note that the mixed form
Y% =0%3 +nng, (1.9)

is the projection operator onto the spatial hypersurfaces. Associated with the Riemannian met-

ric (L) there is a 3-metric-compatible covariant derivative, D, satisfying
Dyvpe =0 (1.10)

that can also be defined via projection of the spacetime covariant derivative, V. For example for
a spatial vector, V', we have

DaV? = 4% V. (111)

Using D,, we can calculate the 3-dimensional curvature (3)Rabcd, 3-dimensional Ricci tensor (3)Rab,
and 3-dimensional Ricci scalar () R. These quantities describe the internal geometry of each hyper-
surface; in addition, we need a description of how the metric 74, changes from slice to slice. This
information is encoded in the (symmetric) extrinsic curvature tensor, K4, which can be defined
by:

1
Kap = =5 LuoYab- (1.12)

Here £, is the Lie derivative along the unit vector field normal to the hypersurface and the factor
of —1/2 is a matter of convention. It is worth noticing that K, is a purely spatial tensor, since
L« commutes with the projection operator ([CH).

Now we have all the elements needed to proceed with the 341 decomposition of ([LTl). Specifi-

cally, we consider the following projections of the field equations:

n°nPGas = 8T NPTy, (1.13)
Y ongGP = 81y angTP, (1.14)
Y aV0Gap = 8170y s Tap. (1.15)

It is relatively straightforward to show that

1
nn’Guy = 3 CIR 4+ (K%)? — Ky K™ (1.16)
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and

YanpG” = Dy (K® —y"K°.) . (1.17)

We can now write equations (CI3) and (CI4) as
% {<3>R + (K - KabK“b} = 8mp, (1.18)
Dy (K™ —~"K°) = 8rj°, (1.19)
where we have made use of the following definitions for the projections of the stress energy tensor:
p = nn’T,p, (1.20)
i* = AangT. (1.21)

Physically, these quantities are the energy and momentum densities, respectively, that time-like
observers moving normally to the hypersurfaces would observe.

Note that equations (LI¥) and (CIU) only involve spatial tensors and spatial derivatives of such
tensors. These equations need to be satisfied by the 3-metric, v4p, the extrinsic curvature, Kp,
and the matter densities, p and j%, on every hypersurface. In particular, they need to be satisfied
at the initial time and thus they constrain the initial data. This implies that not every metric
function 7, and every component of K, (12 values in total) are freely specifiable, but that they
need to be chosen in such a way that the constraint equations are obeyed. Equation ([LIF) is called
the Hamiltonian constraint, while (LT are usually called the momentum constraints.

To develop the other 6 field equations, equations ([CTH), it is useful to use a time derivative
operator, Lya«, where N is a vector field dual to the one form ,, meaning that Q,N* = 1. It
is important to note that this vector field is unique only up to reparametrization of the (spatial)
coordinates in each hypersurface. In particular, any vector field t* = (9/9t)" = N« + 3% =
an® + 8%, such that %n, = 0, satisfies Q,t* = 1 (see Fig. [[T)). We will hereafter assume that
we have adopted a so-called “3+41” coordinate system adapted to some such vector field, t%, as
illustrated in Fig. [CIl Since B is a spatial vector, we have 8% = 0 in such a coordinate system.
The vector field 8¢ encodes the diffeomorphism invariance within the hypersurfaces and, more
geometrically, describes the shifting in the spatial coordinates from hypersurface to hypersurface
relative to normal propagation (see Fig. [[l). Hence 8% is known as the shift vector. In terms of

L e, the extrinsic curvature tensor can be written as:

1 1
Kap = —%ENwab =5 (LiaYab — LBeYab) (1.22)
which implies
1 a'yab
Kogp=—— — DyB, — D, . 1.23
b 5 ( 2 b ﬁb) (1.23)
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Figure 1.1: 3 4+ 1 decomposition of the spacetime. The distance (proper time) along the direction
of the unit normal vector, n*, between hypersurfaces labelled by ¢ and ¢ + dt is given
by adt. Note that 3¢ and dx? are purely spatial vectors defined on the tangent space of
the hypersurface at event (¢, z*). In general, in order to move to an event with the same
spatial coordinates, %, on hypersurface t + dt, i.e. in order to move along the vector
field (9/0t)", we have to shift by an amount 3%dt on the future spatial hypersurface
relative to normal propagation. The distance between events with coordinates (¢, z?)
and (t + dt,z* + dz*) is ds and can be calculated by the “Pythagorean theorem” for

Lorentzian geometry.
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After some algebra, we can write equations (([LTH) as

LinKay = Laa Koy — DDy + {(3)Rab — 2K, K + Koy K¢ — 87 | Sap — %vab (8% + p)] } ,
(1.24)
where Sy, = Wo‘awﬁbTag, known as the spatial stress tensor, is the total spatial projection of
the stress energy tensor onto the hypersurface. Equations ([CIH), (CI9) and (CZ4) complete the
decomposition of equations ([II).

Let us stress that we have: (a) kinematical variables, the lapse and the shift, that encode the
coordinate freedom of the theory and that must be specified in some fashion; (b) dynamical vari-
ables, vap, K%, which, loosely speaking, encode the physical information describing the geometry
of spacetime.

The 341 decomposition of the 4-dimensional line-element can be expressed using the
4-dimensional Lorentzian version of the Pythagorean theorem (as described in [71l]). Specifi-
cally, the square of the spacetime displacement, ds?, between events with coordinates (t,2%) and

(t + dt,x* + dx') can be written as (see Fig. [T])

ds?

—(adt)? + v;j(dz* + B'dt)(dx? + Fdt)
= —(a®+ BiB")dt* + 2v;; B dtdx? + i da’da? . (1.25)

An important note is that since only a maximum of 6 of the 10 (second-order) Einstein equations
are independent of each other, we have considerable freedom in choosing which specific equations to
solve during a dynamical evolution. The initial data for the geometry and matter must always be
chosen to satisfy the constraint equations (CISHLT), but the evolution equations ([CZ), together
with the contracted Bianchi identities, Go5'“ = 0, then guarantee that the constraints are satisfied
at any future or past time. This property of the continuum system of equations is in general lost
once the system is discretized; at best the numerical solution only satisfies the unused equations at
the truncation order of the approximation. Checking the convergence properties of the residuals of

these unused equations thus gives us a very strong check of the validity of our solutions.

1.2 Critical Phenomena

The discovery of critical phenomena in gravitational collapse was reported by Choptuik in [[17]. He

studied the spherically-symmetric collapse to black holesH of a massless scalar field, ¢, minimally

2Black holes are described in more detail in section [Z3, at this point they can be viewed as regions of spacetime

in which even light is trapped and cannot escape to infinity.
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coupled to gravity. The Lagrangian for this problem is given by

R 1 .
_ 0 d®, 1.2
167 2¢’ ¢ (1.26)

where R is the Ricci scalar (the usual Lagrangian for gravity). At that time, it was already known
that, under the same symmetry assumptions, the dynamical evolution of weak configurations of
scalar field leads to dispersal of the scalar field to infinity, resulting in Minkowski-like spacetimes
[24], and that configurations of sufficiently strongly self-gravitating scalar field give rise to black
hole formation [25]. Choptuik’s work was the first systematic study of the intermediate regime. In
order to study the transition to black hole formation, the initial data were parametrized by a single
parameter, p, such that for high parameter values black holes were formed, while for low values,
dispersal was the end state. An example of such a parameter is the initial amplitude of the scalar
field. At the threshold of black hole formation, p = p*, interesting and unexpected results were
found.

First of all, as we approach p* from above, the mass of the black hole that is obtained tends to

zero following a power law:

Mgy =C(p—p")7, (1.27)

where Mpy is the mass of the black hole, C' is a constant of proportionality and v =~ 0.37 is a
universal exponent independent of the specific family of initial data used in the calculation. We
note that scaling of dimensionful quantities is also seen if the critical solution is approached from
below (subcritical) rather that from above.

Moreover, for values of p close to p*, the solutions in the strong field regime approach—at least
for some finite time and in some finite region of space—a solution called the critical solution, which
is universal in the following sense. There exist coordinates (7, p) in which the critical solutions
obtained using different families of initial data all take the same form. In [17] so-called polar-areal

coordinates, leading to a line-element
ds* = —a(t,r)?dt* + a(t,r)?dr?® 4+ r2dQ?, (1.28)

were used to perform the evolutions, with ¢ measuring central proper time. The relationship

between these coordinates and (7, p) is given by:
T = In(t*—t)+x, (1.29)
p = Inr+xs, (1.30)

with ¢* and k depending on the family of initial data used to construct the solution. Not only was

the critical solution found to be universal, it also showed an echoing behaviour. This means that in
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the critical regime, any dimensionless function, Z, constructed from the solution has the following
symmetry:

Z(r=A0Ap—A)=Z(1,p), (1.31)

where, for the scalar field, the period A = 3.4 is obviously also a universal parameter since all the
features of the solution are universal when written in (7, p) coordinates. The transformation given
by (3] amounts to a discrete rescaling of the original coordinates (¢,r), and solutions with this
rescaling invariance are thus said to be discretely self similar (DSS).

The critical solution is unstable, essentially by construction: small deviations from the precise
value p = p* lead to complete dispersal of the field, or to the formation of a black hole. Soon after
the publication of [L1], similar behaviour was observed in the collapse of axisymmetric gravitational
waves [1l] and, crucially, in spherically symmetric collapse of perfect fluid with a so-called radiation
equation of state [2d]. In this last work Evans conjectured that perturbation theory about the
continuously self-similar solution that appeared at the black hole threshold for fluid collapse might
provide insight into some of the phenomenology that had been observed.

Work along precisely these lines was carried out with great success by Koike et al [53] who
made the key observation that the “sharpness” of the empirically measured mass scaling law ([CZ17)
for fluid collapse (as well as for the original scalar collapse), strongly suggested that the critical
solution, had only a single unstable mode. From this assumption, and using a mathematical devel-
opment precisely analogous to that used in the standard treatment of statistical mechanical critical
phenomena, it follows that the mass-scaling exponent is simply the reciprocal of the Lyapunov
exponent associated with the unstable mode. In follow up work, Gundlach [4(] was able to show
that this picture also held for the more difficult to treat case of the massless scalar field.

Similar behaviour has been found in the collapse to black hole formation for many other types
of matter. In general, different matter models behave in two qualitatively different ways at the
threshold of black hole formation. In contrast to the massless scalar case, it has been found that
the smallest black hole formed for some matter models is non-zero. In analogy with statistical
mechanical critical phenomena (first and second order phase transitions) this sort of transition is
dubbed “type I”, whereas a transition characterized by ([L21) is called “type II”.

Type I critical solutions exhibit a fundamental length scale; it is this scale that determines the
minimum value for the mass of the black hole above threshold. On the other hand, type II critical
solutions are generically scale invariant. More specifically, type I critical solutions are usually static
or periodic, while type II are self similar, or discretely self similar.

Although many matter models have been investigated in spherical symmetry (see [43] for a

recent review) very little is known about critical phenomena in less symmetric systems. So far,
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only two systems have been investigated: axisymmetric vacuum, studying the collapse to black hole
formation of gravitational waves [1]; and the collapse of a scalar field in axisymmetry [20], [21]. The
calculations described in Chap. Blrepresent an attempt to investigate the possible effects of angular

momentum on critical collapse via an effective potential for a scalar field in spherical symmetry.

1.3 Black Holes and Black Strings

The Einstein field equations ([[ZI]) allow for black hole solutions. For example in spherical symmetry

the well-known Schwarzschild metric

ds* = g, datds” = — (1 - ¥> dt* + <1 - ¥> 1 dr® + r2d9?, (1.32)
is the unique vacuum solution (apart from flat spacetime, which is not a regular limit of Schwarzschild
as M — 0) of the field equations. The region of the spacetime with r < 2M cannot communicate
with infinity, i.e. no physical trajectory (timelike or null curve) originating from r < 2M can prop-
agate to r — oo (nor to r > 2M for that matter), and the region r < 2M is thus known as a black
hole.

In order to describe black holes, it helps to draw diagrams of the corresponding spacetimes that
preserve causal structure and which compactify the spacetimes, so that various types of infinity lie
at finite coordinate distance. These sorts of pictures are called Penrose diagrams. Figure shows
one such diagram for the Schwarzschild solution ([L3Z). Note that each point in the bulk of the
diagram represents a 2-sphere manifold of specific radius and that light rays (null geodesics) travel
along straight lines inclined at 45°. This diagram has many features worthy of discussion. Starting
with the boundary, at the right-most edge of the plot there is a point called i® which represents
spacelike infinity and which is the locus where all outgoing spacelike geodesics end. In addition,
the point on top, labelled by i, corresponds to future timelike infinity and is where future-directed
timelike geodesics in region I terminate (¢~ corresponds to past timelike infinity and is where past-
directed timelike geodesics end). The line joining i+ with ¥ is future null infinity, denoted by Z,
and is the place where null, future-directed, geodesics originating in region I terminate (likewise,
past null infinity, Z~, is the line connecting i° with i~). If a timelike geodesic is within bulk region
IT it does not end at 4™ but instead ends at the dotted line labelled r = 0 (the same happens for
null geodesics within region II, they also cannot reach Z%). The dotted line corresponds to r = 0
in (L32) and is, in fact, a physical (crushing) singularity of the spacetime, where the spacetime
curvature goes to infinity. The observation that, starting in region II, no timelike or null geodesic
can propagate into region I suggests that region II is a black hole. Its boundary is called an event

horizon.
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Figure 1.2: Penrose diagram of a spherically symmetric black hole. Note that light rays travel at 45
degree angles in this diagram. Region II (shaded) is causally disconnected from Z* and
thus lies within a black hole. The boundary of the black hole is called the event horizon.
Plotted lines running approximately vertically (horizontally) correspond, in region I,
to lines with constant coordinate r (t). We also note that the diagram shown is only
half of the full Penrose diagram for the maximally extended Schwarzschild solution,

see [71]).
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There are a whole family of spacetimes (Kerr-Newman solutions) with similar characteristics to
Schwarzschild, and that can be characterized by just a few parameters (specifically
three —mass, angular momentum and charge). These spacetimes are believed to be the end-
states of the evolution of sufficiently massive stars. At the end of the evolution of a massive star
(larger than about 10 M) its structure resembles an onion, with layers of different materials
with increasing atomic number towards its centre. The inner most core is composed of iron which
is maximally bound with respect to the nuclear force, and hence cannot undergo thermonuclear
burning. This core grows from the burning of the outer layers of silicon and sulphur, and when
its mass becomes of the order of 1.5 M, its pressure cannot counteract the gravitational pull
and it collapses. This process releases titanic amounts of energy that are carried out to the outer
regions of the star mainly by neutrinos. A highly energetic shock is produced that moves outwards
through the envelope. This shock energizes the outer region which undergoes a violent explosion—a
supernova—which expels all of the outer layers of the original star. The remnant of this process is
a very compact object of a few kilometres radius and, at most, several solar masses. In particular,
if the mass of the remnant exceeds about 3MoH, even degeneracy pressure cannot hold the star
up against gravitational collapse [89] and a black hole, whose mass will again be a few My, will
form. Although there is not yet unequivocal observational evidence for this type of black hole,
many candidates have been found in binary systems—for an inventory see [82].

There is also evidence for more massive black holes. Studies of microlensing events and “ultra-
luminous” X-ray sources, among others, have provided some hints about the possible existence of
black holes with intermediate masses [105], i.e. those with masses between a few solar masses and
a few million. Moreover, there are strong indications that super massive black holes, with masses
in the range 10° — 10°M(, or greater, can be found in most galactic centres. See [26] and [35] for
discussion of the evidence for such a black hole at the centre of the Milky Way galaxy.

It is a very well known result that black holes in 4 dimensions (3 spacelike, 1 timelike) are stable
solutions in general relativity [14]. This means that small perturbations around the solutions tend
to die off, and to be radiated away in the form of gravitational radiation. Although this is a very
well established result in 4 dimensions, very little is known about the behaviour of solutions with
event horizons in a 5-dimensional spacetime (we consider here 4 spatial and 1 temporal dimension).
Gregory and Laflamme [37], [38] showed, using linear stability analysis, that at least some classes of
black hole solutions in 5 dimensions—those known as black strings, and which have the structure “4-
D black hole” x “a line”—are unstable under long wavelength perturbations in the “line” (string)
dimension.

Given that small perturbations of these solutions tend to grow, a natural question arises: what is

3For some models with differential rotation the upper limit can exceed 4M [A].
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the end state of the evolution of the perturbed black string? There are some arguments supporting
the idea that the state will involve some kind of bifurcation of the original solution [37], [38]. Were
this true, it would represent a violation of Penrose’s cosmic censorship conjecture, generalized to
5 dimensions, which posits that singularities of the type discussed above should generically be
hidden from external view by event horizons. On the other hand an argument has been published
by Horowitz and Maeda [48] suggesting that bifurcation cannot occur in finite time.

In order to study the end stage of the perturbed black string, numerical calculations have been
performed [1€]. In Chap. Bl we summarize the main results found in that collaborative effort,

focusing on the numerical solution of the 5-dimensional analogue of the constraint equations (LIS

[CT9).

1.4 Relativistic Hydrodynamics

Following [11(0], we can define a perfect fluid such that in local comoving coordinates the fluid is

isotropic. In particular, assuming that the spacetime is Minkowskian (flat), we can write
T = pn, T% =TV =T% =P, (1.33)

where py is the proper energy density and P is the hydrostatic pressure. The first generalization
of these stress tensor components will be for the case where each fluid element has an arbitrary
i

spatial velocity, v*, with respect to some fixed (lab) frame. This can be achieved via a general

boost (spacetime rotation), resulting in
™" = (pg + P) u*u” + Pn™". (1.34)

Here " is the fluid 4-velocity, satisfying u*u, = —1, and n*¥ = diag[—1,1,1,1]. Note that the
equations for the conservation of energy and momentum can be written as T#” , = 0, and that
this divergence involves an ordinary derivative since we are in flat spacetime. In order to extend
this expression to a generally curved manifold we need only replace the Minkowskian metric by
the general Lorentzian metric of the spacetime and partial derivatives with covariant derivatives.

Thus, in a general curved spacetime, the stress energy tensor for a perfect fluid is
" = (pu + P)u*u” + Pg"” (1.35)
with (local) conservation of energy and momentum expressed by
(™)., =0. (1.36)

Note that this expression is in accordance with the Einstein equations (ICT) since (G*”), , = 0 by the

)

Bianchi identities. In addition to this conservation law, a fluid can satisfy additional conservation
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laws depending on its composition. In the current case we will assume conservation of particle

number (baryon number), which is expressed as

(J*)., =0, (1.37)
where J# is the current associated with the particles; i.e.

JH = pout, (1.38)

with pg the rest mass density. As usual, in addition to these equations, we need to specify an
equation of state for the fluid that relates the pressure to the energy densities.

We also note that the above form for the perfect fluid stress-energy excludes the possibility
of thermal or viscous effects—in other words we neglect all the non-adiabatic effects in the fluid
(apart from shocks). The proper general relativistic incorporation of such terms is still a matter of
open research [72].

In the strong gravity regime, the pressure and stresses are typically so large that we cannot
assume the fluid is incompressible. In addition, for highly relativistic configurations, the pressure
contributions to the stress tensor can be of the same order as those from the energy density. This
makes general relativistic fluids behave very differently from the type of fluids that we encounter
in everyday life, where stress energy tensors are dominated by the rest mass density of the fluid,
where the assumption of incompressibility is often a very good one, and where characteristic three
velocities satisfy v < 1. General relativistic hydrodynamics (hereafter simply relativistic hydrody-
namics, or relativistic hydro) involves the solution of equations ([C3H)—([3d) coupled to equations
([CT). There has been quite a lot of work in relativistic hydrodynamics because it is a good model
for a lot of astrophysical systems, and is reasonably tractable computationally. A good review of
the work and the methods that have been and are being used to study relativistic hydro can be

found in [30]. Here we only briefly touch on some of the main efforts.

May & White:

The field started with the pioneering work of May and White [6], [69] who studied the collapse
of a perfect fluid in spherical symmetry. In order to study the collapse they adopted Lagrangian
coordinates (i.e. coordinates comoving with the fluid). This approach was very successful but, due
to its Lagrangian nature, it is difficult to generalize to less symmetric spacetimes (for example,
axisymmetric solutions) because the matter may follow complicated paths which can “tangle” the
coordinates. May and White used a numerical approach based on finite difference approximations,
which involves replacement of the derivatives in the equations with finite difference quotients.

In order to deal with the shocks that generically arise during the collapse of perfect fluids, the
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continuum equations were modified to include terms that mimic viscosity [108]. The addition of
this artificial viscosity tends to smooth out discontinuities over many finite-difference grid zones.
This method of solution has also been used by other authors in order to investigate supernovae

explosions [98], and neutron star collapse [7(], all in spherical symmetry.

Wilson formulation:
Wilson developed one of the first Eulerian formulations for relativistic hydrodynamics that saw use
in numerical work [111]. His approach involved writing the fluid equations (L3BHL3M) as a set of

advection equations, i.e. equations of the type:

0Q;  0Qiv’
ot oz

where v/ is again the fluid 3-velocity with respect to the lab (Eulerian) frame. The formulation

=S, (1.39)

included the definition of appropriate variables, {Q;(t,27)}, that allowed the fluid equations to be
cast in this specific form. Note that in general S; has terms involving the pressure gradients which
are treated as sources. The original implementation of this formalism [111] was used to study the
accretion of perfect fluid on to a rotating black hole. This was a “background calculation” in which
the fluid’s self-gravity was assumed to be negligible, so that the curved geometry acted on the
fluid, but not vice versa. Wilson’s numerical implementation was again based on finite differences,
using so-called upwind derivatives for stability as well as artificial viscosity in regions with shocks.
This formulation has been used extensively. Some of the systems that have been simulated using it
include stellar core collapse [[112], axisymmetric stellar core collapse [85], [2]], [97], and coalescence

of binary neutron stars using the conformally-flat approximation for the geometry [113].

Nakamura formulation:

For the research described in Chap. Hl and especially Chap. B it is of crucial importance to review
the work due to Nakamura and collaborators [63], [74], [75], [76], [92]. Nakamura and his co-workers
used the so-called 24141 formalism for the geometry and the fluid equations. This formalism is
a variant of the 3+1 decomposition described in Sec. [Tl and is designed for use with spacetimes
having an axial Killing vector field (i.e. axisymmetric spacetimes). The formalism was originally
developed for the Einstein equations by Geroch [34] and was extended for hydrodynamics by
Maeda et al. [63]. In this approach the field equations (and the spacetime) are first decomposed
with respect to the axial Killing vector field. The decomposition is very similar in spirit to a
Kaluza-Klein reduction, in which effective matter fields and equations of motion are produced in
the quotient 3-dimensional spacetime. After this initial decomposition is complete, the resultant
3-dimensional spacetime is decomposed using an analogue of the 341 approach (now, however, it

is a 2+1 decomposition, which accounts for the name “2+1+1").
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Nakamura’s numerical implementation of the 24+141 equations also used finite difference
methods—largely paralleling Wilson’s approach—and artificial viscosity to treat shocks. The main
application studied was the collapse of axisymmetric stars, including stars with large values of an-
gular momentum. Their investigation showed that the collapsing star tends to form a ring structure
which, in the case of moderate values of angular momentum, is enclosed by an apparent horizon.
On the other hand, for initial stars that were sufficiently rapidly rotating, some evidence for the

formation of naked singularities was found [74].

Valencia Formulation:
An important property of the fluid equations that none of the above studies took full advantage of

is the fact that the hydrodynamical equations can be written in conservation law form (see App.

IEI): 0Q; OF7
ot o = Si (1.40)

Here, F; is the flux associated with Q; along the 27 direction and, crucially, S; does not contain

any derivatives of the dynamical fluid variables. This was first exploited in the context of relativistic
hydrodynamics by the Valencia group in [66]. Casting the equations in the above form allows the
use of the Godunov approach (see [31], |58] for a summary of this and other so-called conservative
methods) which ensures the correct jumps in values of dynamical variables across discontinuities,
as well as the correct shock propagation speeds. (for these reasons such techniques are sometimes
called High Resolution Shock Capturing, or HRSC, methods). One advantage with respect to
formulations such as Wilson’s, is that HRSC methods do not require the use of artificial viscosity
for code stability, or to simulate extremely relativistic (v — ¢) flows. Some examples of calculations
are [91], [78], [31] and more recently [4]. In this thesis we will apply conservative methods to the
hydrodynamic equations, and finite difference methods to the geometric equations, both within the

2+1+1 formalism.

1.5 Summary of Results

In Chap. Bl we describe a new family of critical solutions resulting from the collapse of a massless
scalar field with a particular potential that mimics angular momentum in spherical symmetry.
These solutions are parametrized by an angular momentum coefficient, [. We have found that for
each value of | we obtain a different discretely self similar critical solution. We also find that A;
decreases approximately exponentially with increasing values of | and, in fact, approaches zero in

such a way that the critical solution appears to be periodic in the limit [ — co. Moreover we have
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found scaling laws similar to (LZ7) with I-dependent mass-scaling exponents, 7;, that also decrease
with [.

In the collaborative work explained in Chap. Bl we have been able to check, by dynamical evolu-
tion of black strings, the results found using perturbative methods by Gregory and Laflamme [317].
Not only have we directly verified that long thin black strings are unstable to perturbations along
the string dimension, we have seen some indications that the spacetime evolves to a state (not
necessarily the end-state) which can be described as a series of black holes connected by thin black
strings. Unfortunately the code crashes at late times due to a coordinate pathology. We are thus
unable to make any statements concerning the ultimate end-state of the evolution, since, at the
time of the crash, the spacetime is still highly dynamical.

Chap. l describes a spherically symmetric code for relativistic hydro whose purpose is to test
the formalisms and algorithms, both at the continuum and discrete levels, subsequently used in
the axisymmetric case. We have seen that, in our coordinate system (which is the natural restric-
tion to spherical symmetry of the one used in the axisymmetric code), the standard conservation
variables used in the Valencia formalism [91] must be be modified in order to get a well-posed set
of geometric constraint equations. In addition, we have found that the Roe approximation used in
the computation of numerical fluxes results in a scheme that is too dissipative, at least for grids
with constant resolution, to maintain long term evolution of stationary solutions in our chosen
coordinate system.

In the concluding chapter, we present the equations for relativistic hydrodynamics written in
the 24+1+1 formalism and in a way which is amenable for treatment using HRSC methods. The
equations for rotational, hydrostatic equilibrium, along with an integrability condition, are also
expressed in the same formalism. Finally, we describe our numerical implementation for the case of
no rotation. At the current time this code is both too dissipative and too unstable to be able to use
it for the study of the long term evolution of stationary solutions. However, we can evolve certain
configurations of discontinuous data, and can also demonstrate that the code exhibits second order

convergence for situations where the hydrodynamical flow remains smooth.
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Chapter 2

Scalar Field Collapse with Angular

Momentum

2.1 Introduction

In this chapter we explain the main results of a new study of critical phenomena in gravitational
collapse. The work that we present here is the result of a collaboration with M. Choptuik, W. Unruh
and J. Ventrella. As described in Sec. [[2 most studies of black hole critical phenomena (or
related phenomena in other sets of nonlinear evolution equations) to date have been performed
assuming spherical symmetry as a simplifying assumption (exceptions are [, [62] and more recently
[20], [21]). This simplification has been adopted in most cases because accurate simulation of Type
IT critical solutions—which exhibit structure at all scales due to their self-similar nature—requires
great computational resources. Since spherically symmetric spacetimes do not allow for angular
momentum, very little is currently known about the role of angular momentum in critical collapse.
For a few cases, most notably the Type II solutions found in spherically symmetric collapse of a
massless scalar field [33], or certain types of perfect fluid [41], [42], perturbative calculations about
the spherical critical solutions suggest that all non-spherical modes, including those contributing
to net angular momentum, are damped as one approaches criticality. In particular in [33], 41] and
M2] using second order perturbation theory it was found that the angular momentum of the black

holes produced has the following dependence as a function of the critical parameter p:
Lu = Lo [In(p — p*)] (0 — p)", (2.1)

where EO [ln(p — p*)] is some quasi-periodic function that is family-dependent and pu ~ 0.76 is
a universal scaling exponent which is larger than the corresponding ~ (scaling exponent for the
black hole mass in ([LZ7)). These calculations thus suggest that, at least for small deviations from
spherical symmetry, the resulting solutions at the verge of black hole formation should remain
spherically symmetric in non-symmetric collapse. We also note that an axisymmetric numerical

relativity code is currently being developed [21]] to study non-perturbatively some effects of angular
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momentum in the critical collapse of a scalar field.

Here a different approach is taken. Maintaining spherical symmetry, the equations of motion for
a massless scalar field are modified by effective terms which mock up some of the effects of angular
momentum. As described below, the procedure amounts to performing an angular average over
the matter field variables—similar to what is done in [8], [81] and [107]—and results in an entire
family of models, parameterized by a principal angular “quantum number”, | (we will generally
restrict [ to take on non-negative integer values, although real-valued I’s are also formally possible).
We note that since the models remain spherically symmetric, we cannot use them to address the
validity of the perturbative calculations mentioned above (e.g. equation (EII)). Nonetheless, we
find interesting results that may shed some light on the effects of angular momentum near the
black hole threshold.

Some of the main results that have been found are as follows. First, each value of the angular
momentum parameter [, apparently defines a distinct critical solution. For [ < 10, these solutions
are found to be discretely self similar, with values of the echoing exponent A; (see ([L3]) and the
accompanying discussion) that rapidly decrease (approximately exponentially) as [ increases. As a
result, for large values of [, and for the time scales for which we are able to dynamically evolve near
criticality, the threshold solutions become approximately periodic. In addition, and as expected for
Type II solutions, we find that for [ < 7 the masses of the black holes formed follow power laws
of the type (LZ7). As with the echoing exponents, for increasing values of [ it is found that the
mass-scaling exponent, v;, rapidly decreases, again approximately exponentially in [.

The remainder of this chapter is structured as follows. In the following section we describe the
recipe used to calculate the effective equations of motion, along with the regularity and boundary
conditions imposed in the solution of these equations. In Sec. 233 we briefly describe the numerical
code, the way the solutions have been analyzed, and then provide a summary of the results obtained

for varying values of [.

2.2 Equations of Motion

2.2.1 Equations
In order to derive equations of motion, scalar fields of the following form are considered:
U (t,r, 0,0) =0(t,r)0"(0,¢), m=—-l,—1+1,--- 1—1,1 (2.2)

where ©]"(6, ¢) are normalized real eigenfunctions of the angular part of the flatspace Laplacian

with eigenvalue [({ + 1), and the index m labels the 2]+ 1 distinct orthonormal eigenfunctions for a
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given value of ZH By construction, the scalar fields ¥;", are not, in general, spherically symmetric
and we therefore do not study their collapse directly. Instead, our strategy is find effective equations
for the single (t,r)-dependent quantity ¥ (¢,r). To do so, for a specific value of I, we consider the
stress-energy tensors, 7™ . for the 21 + 1 fields v

1 1
7™ ) = s {vawvbw — 59an (VU VI) | (2.3)

™

where g4 is the metric of the spacetime, V, is the metric-compatible covariant derivative and the
non-standard factor of 1/(87) has been introduced to cancel the one in (LIJ). Again by construction,

the sum of these stress tensors

70, = ZT(lm)ab, (2.4)

is spherically symmetric and thus depends only on (¢, r), I, and the metric g,5. The net result
of this procedure is equivalent to performing an angle average over the individual stress energy

tensors 7", and then summing them, i.e. to computing

T =Y (1™ y) (2.5)
where
1 .
(6.6 = - [ £6,0)sin 6) dod (26)

We can now compute the effective equation of motion for the field, ¥ (¢, r), by demanding that

the divergence of the total stress energy tensor is zero:
g*VeTWa =0. (2.7)

The equations for the geometric variables are determined from the 3 + 1 decomposition of the
Einstein field equations explained in Sec. [l For the current study we adopt Schwarzschild-like

(polar-areal) coordinates, in which the metric (LZ5) takes the form:
ds® = —a?(t,r)dt* + a*(t,r)dr* + r2df* + r* sin” Odp? . (2.8)

Here af(t,r) is the lapse function and a(t,r) is the only non-trivial component of the 3-metric

~ij (both a and a are positive functions). Using this metric, the non zero components of the

1Note that, in general, O7(8, ) will not be eigenfunctions of the azimuthal rotation operator (9/9¢), since they

are real.
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stress-energy tensor for a general value of [ are

2
ot _QIADTT e o p”
T, o a2(H +¢)+l(l+1)r2 , (2.9)
7Ot = _%iﬂg (2.10)
T ac

proo_ @ADL o 4o ¥?

7O = = ;(H +q>)—z(1+1)T—2 : (2.11)
20+1
7(1)0927(1)% _ (87m2)(H2_(I)2)7 (2.12)
and the stress-energy trace is

2

= qwi _ CAD 2 o gy ¥
TW =701, o |7 (II* — @?) 21(1+1)T2 : (2.13)

In the above expressions, we have made use of the auxiliary variables, ® and II, defined as follows:

o) = g—f, (2.14)
O(t,r) = g%—f. (2.15)

The dynamical equations of motion for these fields, which follow from the definition of ® as well
as the wave equation for ¢ (which in turn can be derived from the vanishing of the divergence of

the total stress tensor (7)) are then:

o0 0 s«

o = oG (2.16)
o 10 /,« P

ot r2or (T Eq)) -+ 1)ao¢r2. 2.17)

Note that the dependence of these equations on [ is only through the last term in equation (EIT)
which is proportional to [(I + 1)/r2. This term can be thought of as the field-theoretic extension
of an analogous term due to the angular momentum potential, /2 /r?, in the 1-dimensional reduced
problem of a particle moving in a central potential.

As mentioned above, equations for the geometric variables result from the 3 + 1 decomposition
of the field equations presented in Sec. [[Jl as well as from our choice of coordinates. Specifically,

we have the following;:

10a  (2141) 9 -2 a’ a?—1
e (H O U+ 1) 5 u? ) — (2.18)
1 0 (21+1) 9 9 a? 5 a?—1
- = —r|IF4+P"-l(l+1)—= 2.1
a dr 2 T( + (t+ )r21/} T (2.19)
Oa
= (20 + 1)rall®. (2.20)

at
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Equation ([ZIX) is the Hamiltonian constraint (CI¥)), which is used to determine the 3-metric
component, a. Similarly, the slicing condition [ZTJ) fixes the lapse function « at each instant of
time, and is often known as the polar slicing condition. It can be derived from the demand that
Tr (Ku) = K™+ K% +K?s = K", for all times. The Hamiltonian constraint and slicing condition,
with appropriate regularity and boundary conditions, completely fix the geometric variables in this
coordinate system. Equation (ZZ0) is an extra equation derived from the definition of K", and
the momentum constraint (CId). In our numerical solutions, it is used as a gauge of the accuracy
of our simulations, as well as to provide a replacement for the Hamiltonian constraint in certain
strong field instances where the numerical constraint solver fails. In addition, we compute the mass
aspect function, M(¢,),

M(t,r) =~ <1 - i) , (2.21)

2 a?
which serves as a valuable diagnostic quantity in our simulations. The value of this function as r —
oo agrees with the ADM mass (Arnowitt-Deser-Misner mass [d]), and more generally, in a vacuum
region of spacetime, measures the amount of (gravitating) mass contained within the 2-sphere of
radius r at time ¢. Moreover, 2M (¢, r) /r is useful since its value approaches 1 when a trapped surface
is produced and hence (modulo cosmic censorship), a black hole would form in the spacetime being
constructed. We note that, as is the case with the usual Schwarzschild coordinates for a spherically
symmetric black hole, polar-areal coordinates cannot penetrate apparent horizons, and in fact
become singular as they come “close to” black-hole regions of spacetime, where 2M (¢,7)/r — 1.
This fact does not present a problem in the study of critical behaviour in our models, since the

critical solutions per se have max, [2M (t,r)/r] bounded away from 1.

2.2.2 Regularity and Boundary Conditions

In addition to the above equations of motion, appropriate regularity and boundary conditions are

needed. At the origin, r = 0, regularity and elementary flatness implies the following expansions:

lima(t,r) = 1+ ras(t) + O(r?), (2.22)
Tli_r)% alt,r) = ag(t) +r*as(t) + O(r), (2.23)

lim ¢p(t, 1) = gy (t) + 12440 (t) + O(r1 ). (2.24)
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This leads to the following boundary conditions:

alt,0) = 1, (2.25)

oa

5,0 = 0, (2.26)

oo

(L0 = 0, (2.27)

¥(t,0) = O, (2.28)

H(t,O) = O(Tl)v (229)
o(r'=1) for 1>1,

B(t,0) = (2.30)
O(r) for 1=0.

In the continuum, our equations of motion are to be solved as a pure Cauchy problem, on the
domain t > 0, r > 0, with boundary conditions at spatial infinity given by asymptotic flatness
(i.e. that the matter fields vanish, and that the metric becomes that of Minkowski spacetime, as
r — 00). Computationally, we solve an approximation to this problem on a finite spatial domain
0 < r < Tmax, Where ryax is some arbitrary outer radius chosen sufficiently large that we are
confident that the numerical results do not depend significantly on its precise value. At the outer

boundary, then, the following condition for « is imposed:
Oé(t, rmax) CL(t, rmax) =1. (231)

This can be viewed as simply providing a convenient normalization for «, since given a solution, «, of
the slicing equation ([ZI9), k« is also a solution, where k is an arbitrary positive constant. We note
that although we have used (231 in order to perform the calculations, a different normalization
convention—i.e. a different, and time dependent, choice of k—has been used in order to perform
the analysis of the solutions. Specifically, in the analysis we have used central proper time T (t)

defined by:
t
T(t) = / a(t,0)dt. (2.32)
0
This definition of time has a natural geometrical interpretation since r = 0 is invariantly defined

by the symmetry of the spacetime. For the scalar field variables, IT and ®, approximate outgoing-

radiation boundary conditions (Sommerfeld conditions) are used:

o oD B(t, Tmax)

E (t7 Tmax) + E (t7 Tmax) + ? = 0, (233)
ol o1l H(t, Tmax) o
E(t, Tmax) + E(t, Tmax) + v = 0. (234)

An important point in the derivation of the equations of motion is the fact that the eigenfuctions

in (Z32) are discrete and the allowable values of [ are only non-negative integers. Once the equations
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are obtained we have relaxed that constraint and have allowed [ to take non-negative real values (the
physical interpretation of such solutions, if any, is open for discussion). The solutions corresponding
to non-integer values of I would have some degree of irregularity at the origin depending on the
particular value of | chosen. This implies that only some finite number of derivatives with respect
to r will be defined at » = 0. In our particular numerical implementation, which assumes that
second derivatives of the variables are defined, we have been able to study the evolution of these

systems as long as [ > 3.

2.3 Results

2.3.1 Numerics

We solve equations (ZT0)), TID) for the scalar field gradients, equations (ZI]), @Id) for the
geometry, and use (EI4) to reconstruct the field ¢. The system is approximated using second
order centred finite difference techniques, and coded using RNPL [65]. Numerical dissipation of
the Kreiss-Oliger [52] variety was included to damp high frequency modes, and it should be noted
that this particular type of dissipation is added at sub-truncation error order, so does not effect
the overall accuracy of the scheme as the mesh spacing tends to 0. For the current computations,
the damping terms were most useful in regularizing the truncation error estimation procedure that
occurs when adaptive mesh refinement (AMR) techniques are used. It was also crucial to impose
the correct leading-order regularity conditions close to the origin, r = 0 (equations (Z229)—-E30))
to keep the solution regular during the evolutions.

Most of the simulations were done on a fixed uniform spatial grid r; = (j—1)Ar, 7 =1,2,--- ,J,
J =1+ rmax/Ar with a typical number of grid points J = 1025, and typical rmax = 100. In this
grid we define discrete values {¢,}, {®;}, {II;} and discrete values of the geometric fields. The

regularity conditions are imposed on the dynamical variables by:

4/3M0, — 1/3M03 for =0,

m, = (2.35)
0 for 1>1,

I, = II3/2%0-Y for 1>2, (2.36)
4/3®y —1/305 for =1,

o, = [3%2 = 1/3®; (2.37)
0 for 1#1,
D3/2 for =2,

o, = 3/ (2.38)
B3 /220-2) for 1> 2.

These have been calculated using the regularity conditions [ZZOHZIM) and the finite difference
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approximation for the first derivative with respect to r? (g taking values 1, I —1 and [ —2) at r = 0:

R s
dra "~ (29 — 1) Ard '

(2.39)

For small values of the angular momentum parameter—specifically for [ < 2—an AMR algorithm

based on that described in [17] was used.

2.3.2 Families of Initial Data

Our study involved the evolution of 6 different one parameter families of initial data, each defined
by an initial profile ¥ (0, r) as listed in Table EXIl with specific values of the parameters appearing
in the profile definitions as given in Table In addition to ¥(0,r) we need to provide II(0, )

Family Form of initial data, (0, ) P
(a) Aexp (—(r—r9)?/0?) A
(b) —2A(r —rg)/o%exp (—(r —r9)?/0?) A
(c) Ar? (atan(r —rg) — atan(r —rg — o)) A

Table 2.1: Families of initial data and the parameter p that is tuned to generate a critical solution.

to complete the specification of the initial data. In all cases we chose II(0,7) to produce an

approximately in-going pulse at the initial time:

9]
I1(0,r) = ®(0,r) = a—:{]((),r). (2.40)
Initial Data Family Parameters
1 (a) ro = 70.0, ¢ =5.00

b ro = 70.0, o = 5.00
ro = 70.0, o = 5.00

2 (b)
3 (c)
4 (a) 70 =40.0, ¢ =10.0
5 (a)
6 (a)

C

ro = 40.0, ¢ =5.00
ro = 70.0, o =10.0

a

a

Table 2.2: Initial data used in our investigations. The family label is explained in Table EXI1

As previously mentioned, all of the initial data families listed in Table Il have a single free
parameter, p, and, as is the usual case in studies of black hole critical phenomena, for any given

family we observe two different final states in the evolution, depending on the value of p. For values
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of p > p* the maximum value of 2M (¢, ) /r approaches 1 implying that an apparent horizon is about
to form. On the other hand if p < p* the scalar field completely disperses, and leaves (essentially)
flat spacetime in its wake. The solution that arises as p — p* then represents the threshold of black
hole formation and, by definition, is the critical solution. We note that these critical solutions are
not t — oo end-states of evolution; rather they persist for only a finite amount of time, and, in
fact, are unstable, heuristically representing an infinitely fine-tuned balance between dispersal and

gravitational collapse.

2.3.3 Analysis

We have calculated p* for the different families of initial data described above, and for different
values of [, via bisection (binary search), tuning p in each case to a typical precision of (p — p*) /p ~
1071% (which is close to machine precision using 8-byte real floating point arithmetic).

As in the case for I = 0 (where the equations of motion reduce to those for a single, non-
interacting massless scalar field, as studied in [17]), the critical solutions for values of I < 9.5 are
apparently discretely self similar (DSS). As discussed in the introductory chapter, DSS spacetimes
are scale-periodic, meaning that any non-dimensional quantity, Z, obeys the following equation for

some specific values of the parameters A and T™:
Z(T—T*),r)=Z ("™(T - T*),e"*r), (2.41)

where T is central proper time as defined by [Z32), and T™* is the “accumulation time” of the
self-similar solution. Note that this is the same scaling invariance as ([L3]) but written in the
original coordinates given by (Z). In ([ZZI) the integer n denotes the echo number. We also note
that due to the discrete v» — — invariance that is exhibited both by the equations of motion as
well as the critical solutions themselves, if A is the echoing exponent for which formula (1) is
satisfied with Z(T,r) = ¢(T,r), then the geometric quantities a(T,r), a(T,r), 2M (T, r)/r obey
1) with an echoing exponent A/2.

In order to extract A from our simulations, we use the observation that certain geometric
quantities will achieve (locally) extremal values on the spatial domain at discrete central proper
times T, given by

T, —T* = (Ty — T*) e"®/2, (2.42)
where T} is the time at which one starts counting the echoes. Specifically, A and T* have been com-
puted by a least squares fit for the times T,, at which max, [2M (¢, r)/r] achieves a local maximum
in time, i.e. by minimizing:

= ZN: [T = Toe&/2 4 7% (en8/2 - 1)}2. (2.43)

n=1
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2.3.4 Results

Table summarizes the values of A; we have estimated using this procedure; the data are also
graphed in Fig. 2l Again, note that the reported values for A; have been calculated using central
proper time T instead of proper time at infinity (the parameterization used in the numerical
evolutions per se). Also the reported uncertainties have been estimated from the deviations in the
A; values computed across the the six different families of initial data. The first entry in Table
(I = 0) corresponds to the original case studied in [17]. The second one (I = 1) is apparently the
same solution found for the self-gravitating collapse of an SO(3) non-linear o model, assuming a
hedgehog ansatz [50], [61]. The remainder of the solutions (for the other values of ) are, to the
best of our knowledge, new.

As was also discussed in the introduction, systems exhibiting type II critical behaviour, where
the critical solution is self-similar, generally also exhibit power-law scaling of dimensionful quantities

in near-critical evolutions. For example, we can expect the black hole mass, Mgy, to scale as
Mg =C (p—p*)" (2.44)

for super-critical evolutions as p — p*. Here C' is a constant that depends on the family of initial
data while ~; is a universal exponent for each value of [, i.e. independent of the specific initial data
family used to generate the critical solution. We have observed such scaling in at least some of our
computations, but, following Garfinkle and Duncan [32] have found it more convenient to extract
~; by monitoring the maximum value of the trace of the stress tensor, 7, which, from the Einstein
equations, is proportional to the maximum value of the Ricci curvature. On dimensional grounds
T (defined by I3)) and R should both scale with an exponent —2v. This technique has the
advantage of being more precise than a strategy based directly on (244]) since we can calculate the
trace of the stress-energy more accurately than the mass of the black hole formed, and can perform
the computation using sub-critical evolutions, where the gradients of field variables generally do
not become as large as those in the super-critical cases. The values of y; as a function of [ are listed
in Table and are plotted in Fig.

As is characteristic of type-II critical solutions exhibiting discrete self-similarity, 2M (¢,r)/r
oscillates at higher frequencies and on smaller spatial scales during the course of an evolution in
the critical regime. As has already been noted, as [ increases, the echoing exponent A; decreases
rapidly. In addition, we observe that the maximum and minimum values between which the spatial
maximum of 2M (t,r)/r oscillates increase with [ (see Fig. E3) indicating that the critical solutions
are becoming increasingly relativistic as the angular momentum barrier becomes more pronounced.
The amplitude of the oscillations between these extremal values decreases since min,. [2M (¢,7)/7]

increases more rapidly than max, [2M (t,r)/r] (see Fig. E3)).
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Figure 2.1: Values of log;y (A;) versus [. In this figure we can see that A; decreases almost
exponentially with [. The different lines represent different families of initial data.
Assuming universality, the differences between the values calculated for the different

families provides one measure of error in our determination of A;.
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Figure 2.2: Values of logy, () versus [, where ; is the scaling exponent defined by [ZZ4]). As for
the case of the echoing exponent, 4A;, 7, also decreases approximately exponentially
with [. We note that due to lack of numerical accuracy we only can reliably compute

v; for 1 < 6.5
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Figure 2.3: max; {max, [2M (¢,r)/r]} in the critical regime as a function of ! (solid line) and the
same for min; {max, [2M (t,7)/r]} (dashed line). We see how the maximum and min-
imum increase with [. On the other hand the amplitude of oscillation, given by their

difference, apparently tends to zero with increasing .
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Figure 2.4: Values of log,, (I}") versus [. T} is the “accumulation time” defined by equation ([ZZI))
for a parameter [ measured using central proper time. The accumulation time increases
almost exponentially showing an increase in the stability of the critical solution as [

increases.
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Empirically, we have also found that, as we increase [ within a family of initial data, although
A; — 0 and T} — oo (see Fig. ), the product T7*A; appears to asymptote to a finite value. Note
that ostensibly this product is family dependent (see Fig. EZH), but that all DSS type-II critical
solutions are universal only up to a global scale transformation (r,t) — (kr, kt), with k an arbitrary
positive constant.

Choosing k = k(l) for each of the families so that max, [2M (¢,r)/r] is attained at some fiducial
radius rg, and considering the case | = 10, we find that the normalized asymptotic oscillation
frequency, fy, defined by

fo=ro/(T*A) =4.35+0.01 (2.45)

agrees for all families to better than 1%. Again, the quoted uncertainty is estimated from the
variation of fy across the different families of initial data. We note that for [ = 10 the near-
critical solution stays at an near-constant radial position; our spatial resolution is not enough to
resolve the small changes associated with the extremely small value of A;. The radial location of
max, [2M (t,r)/r] in this regime is the value of 7y that we have used in (ZZH).

We also note that the observation that fy is apparently well-defined and unique (up to the usual
rescalings associated with type-II critical solutions), is consistent with the empirical observation
that as [ increases, the critical solution becomes ever closer to a periodic solution. In particular,

for a periodic solution we have A — 0, and then
T, —T" =Ty —T*) ™ =~ (Ty — T*) (1 + nA) ~ — (T*A)n — T*, (2.46)

where Tj represents the loosely defined time demarking the onset of the critical regime (and whose
precise value is clearly irrelevant in the limit 7% — oo0) which implies that the maximal value is
attained at times T),:
T,=—(T"A)n. (2.47)
As shown in Figs. 228 and 27 from our simulations for [ = 10, we cannot ascertain whether the
solution is discretely self similar with A; very small (< 0.0002), or periodic with period 7 = T*A.
Naively at least, we expect that for [ > 10, distinguishing between discrete self similarity and
periodicity would become even more difficult. However, it is worth noticing that for I = 20 we
have not yet seen evidence for (almost)-periodicity, with period T*A, but have instead seen a more

complicated structure near criticality that is not yet understood.

2.4 Conclusions

In this chapter we have discussed the results for a model that tries to incorporate some of the effects

of angular momentum in the context of critical gravitational collapse. A new family of spherically-
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Figure 2.5: T*A; as a function of . The fact that these products remain finite as 7}* — oo and
A; — 0 is evidence that the critical solutions tend to a periodic solution in the limit

[ — oco.
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Figure 2.6: Fit of the times T}, at which max, [2M (¢,r)/r] reaches its maximum in time (denoted
by triangles and scale on the left) assuming a periodic ansatz. Initial data family (1)
was used with angular momentum parameter [ = 10. We also plot the residuals of each

data point with respect to the best fit (denoted by pentagons and a scale on the right)
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Figure 2.7: Fit of the times T}, at which max, [2M (¢, 7)/r] reaches its maximum in time (triangles
and scale on the left) assuming a self-similar ansatz. Initial data family (1) was used
with angular momentum parameter [ = 10. Again, we also plot the residuals of each
data point with respect to the best fit (pentagons and scale on the right). Notice that
the errors in the fit are of the same order as the errors to a fit assuming periodicity
(Fig. 20)), indicating that from our numerical results we are unable to distinguish

between the two types of solutions for [ > 10.
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symmetric critical solutions, (black hole threshold solutions) labelled by an angular momentum
parameter, [, have been found. These solutions have similar properties to those for the [ = 0 case
originally studied in [17]: specifically, the solutions exhibit discrete self similarity, and have scaling
laws for the values of dimensionful quantities in evolutions close to criticality. We have calculated
the [-dependence of the echoing exponents A;, and the mass-scaling exponents -y;, finding that both
decrease rapidly with increasing [, (at least up to I ~ 10). Moreover, we have argued that as [
increases, the critical solution approaches a periodic solution.

As we explained in the introduction, we expect that v; = 1/\; where ); is the Lyapunov
exponent associated with the single unstable mode of the critical solution for angular momentum
parameter [. Therefore since v; — 0 with increasing [, we apparently have \; — oco. This has the
interpretation of increased stability of the critical solution for increasing [, i.e. the period of time
that a solution can remain close to criticality (for a fixed amount of fine tuning) increases with [,
this can be observed by the increase in T} (see Fig. EZl). We believe that this can be interpreted
as an effect of the angular momentum barrier which (partially) stabilizes the collapse against black

hole formation.
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l Ay ol

0 3.43 + 0.05 0.376 £ 0.003
1 0.460 £+ 0.002 0.119 £+ 0.001
2 0.119 £ 0.003 0.0453 + 0.0002
3 0.039 £+ 0.001 0.020 £+ 0.001
3.5 | 0.0224 £+ 0.0009 | 0.0127 £ 0.0008
4 | 0.0132 £ 0.0008 | 0.0082 + 0.0008
4.5 | 0.0077 £ 0.0007 | 0.0052 £ 0.0006
5 | 0.0044 + 0.0007 | 0.0033 + 0.0005
5.5 | 0.0026 £ 0.0006 | 0.0020 £ 0.0005
6 | 0.0015 £ 0.0005 | 0.0013 £ 0.0005
6.5 | 0.0009 £ 0.0005 | 0.0008 + 0.0005
7 | 0.0006 £ 0.0004 -
7.5 | 0.0004 £+ 0.0004 -

8 | 0.0003 £+ 0.0004 -
8.5 | 0.0002 £ 0.0003 -

9 | 0.0002 = 0.0002 -
9.5 | 0.0002 £ 0.0003 -

Table 2.3: Summary of the properties of the critical solutions computed for different values of [.

Note that both the echoing exponents, A;, and the mass scaling exponents, ~;, rapidly

decrease as [ increases. Quoted errors have been estimated from the variation in values

computed across the different families of initial data. Values of A; have been calculated

using central proper time 7T normalization of the lapse function, which is the natural

normalization for type-II critical behaviour.

For [ > 6.5 we have not been able to

calculate v; due to lack of numerical precision. Note that the [ = 0 data agree with the

original values calculated in [17], and that the [ = 1 data agree with values calculated

in [61] and [50] using models of completely different origin.
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Chapter 3

Instability of a Black String

3.1 Introduction

This chapter describes a 5-dimensional problem (4 space plus 1 time dimensions) which involves the
dynamical evolution of a perturbed black string. This work was a joint effort with M. Choptuik,
L. Lehner, R. Petryk, F. Pretorius and H. Villegas [18]. As mentioned in the introduction, the
unperturbed solution (originally proposed by Myers and Perry [73]) has the structure “4-D black
hole” x “a line”, hence the nomenclature “black string”. Gregory and Laflamme [37] proved that
black strings are unstable against long wavelength perturbations in the string dimension. Our work
tries to answer the natural question that arises: What is the end state of the evolution of such an
instability?

In [37] it was conjectured, using entropy considerations, that unstable black strings fragment
producing spatially periodic black hole solutions of the type described in [d]. This process will
produce a naked singularity and hence violate (4+1 dimensional) cosmic censorship [41]. However
this analysis, which is based on the linearization of the equations around the black string solution,
stops being valid once the perturbation grows sufficiently. More recently, Horowitz and Maeda have
argued that this proposed bifurcation of the event horizon cannot be achieved in finite time [4].
Moreover they conjectured that the system is likely to evolve to a new stationary solution which
is not invariant under translations along the string direction. Following this reasoning, Wiseman
solved the equations for equilibrium [114] and found new non-translationally symmetric solutions.
The ADM masses, (see [3] for definition of ADM mass) of these solutions are larger than the
maximum mass for an unstable black string at the same compactification length, which would
appear to rule them out as candidate end-states. In [18] we adopt a different approach, in order
to investigate the end state, we dynamically trigger the instability and analyze the subsequent
evolution of the spacetime.

The organization of this chapter is as follows. In Sec. we describe the form of the black
string solution, define the coordinates that we use for the evolution, and define the form of the

perturbation. In Sec. B3 we then explain the specifics of the numerical integration of the equations
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of motion for the model, paying special attention to the solution of the constraint equations, and
the construction of an approximate event horizon finder, which represent my chief contributions to
the collaborative effort. Finally, in Sec. B4 we summarize the results that were obtained from the

study.

3.2 Equations

The solution studied by Gregory and Laflamme [37] was first constructed by Myers and Perry (73]
and describes a 5-dimensional vacuum configuration with an event horizon. With a specific choice
of coordinates—called ingoing Eddington-Finkelstein coordinates—the 5-dimensional line element

for the solution takes the form
ds® = — (1 —2M/r)dt® + AM /rdrdt + (1 + 2M/r) dr® + dz* + r?dQ?, (3.1)

where M is the mass of the black string, z is the so-called string dimension, and d2? = df? +
sin? 0d¢? is the metric of a unit 2-sphere.

Note that the solution is z-invariant, so that the metric coefficients do not depend on the string
dimension and that, paralleling the 4-dimensional Schwarzschild case, we can identify » = 2M with
the radius of the black string. In what follows we assume that the string dimension is periodic,
or in more mathematical terms, that it has S' topology, i.e. that z =0 and z = L are identified,
for some constant L. Physically, this choice of topology is not crucial (so long as L is chosen
sufficiently large to admit the Gregory-Laflamme instability) but computationally, the choice allows
us to sidestep any issues associated with imposing approximate boundary conditions in the string
direction. We also note that the solution is spherically symmetric in the sense that (9/06)” and
(0/0¢)" are Killing vector fields. Gregory and Laflamme found that the above solution is unstable
to certain z-dependent perturbations. Specifically, they found that perturbations with wavelengths,
., sufficiently large compared to the string radius grow exponentially. We also note that there is
some evidence that black strings could have one or more additional unstable modes that preserve
the z translational symmetry [104], but if this is the case, then the numerical results discussed
below would suggest that such modes grow more slowly than those that break the symmetry.

In order to determine equations of motion for the dynamical evolution of a perturbed black
string, we use the decomposition technique summarized in Sec. [Tl but adapted for a 5-dimensional
spacetime (so that we have a 4+1 decomposition). In addition, to minimize computational com-
plexity and cost, we retain the spherical symmetry of (B, but allow the metric to have both ¢-

and z-dependence in addition to the original r-dependence. Thus, we write the spacetime metric
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as

ds®> = (—a® + hapB*BP) dt* + 2hapBrdxPdt + hapdr?de® + hodQ?, (3.2)

where the indices A and B range over the coordinates {r, z}, and the metric functions o, 84, hap
and hg now generally depend on ¢, r and z. Our choice of the usual angular coordinates {¢, 6},
adapted to the spherical symmetry amounts to fixing 2 of the 5 degrees of coordinate freedom that
we have in this problem. The three remaining degrees of freedom are fixed by choosing the lapse
function, a, and the two non-trivial components of the shift vector, 34. For all times, we choose a

and (% to be those associated with the static black string (BI):
a=(1+2M/r)" Y pF=0. (3.3)

The last coordinate choice is used to maintain the condition [hq /72](t,r) = [ha/r?](0,7) for all

times. This produces the following algebraic constraint on the shift vector component 57:

gr = 20Ke (3.4)
ho »

The main motivation for choosing this particular gauge is to have well behaved coordinates that
allow us to penetrate the horizon (as in [93] and [55]). This is crucial for our use of techniques
that excise the region of the spacetime containing the singularity. We want to point out that a
preliminary approach that fixed 8" to its black-string value for all times gave rise to coordinate
singularities. In particular the radial position of the apparent horizon showed significant variation,
approaching zero at late times. In order to decrease this variation, and in the spirit of the so called

“horizon-locking” [93] coordinates we chose condition (BI).
The field equations for our model are natural extensions of the 3+1 equations, summarized in

Sec. [l for the case of vacuum (vanishing stress-energy tensor). Specifically, the equations we

need to solve are

H = WR4+K? KKV =0, (3.5)
M; = D;K;/ - D;K =0, (3.6)
8hij
W = —2aK;; + Djﬁi + Diﬁj, (3.7)
0K,
at] = ((4)Rij + KKZ']) - QOZKZ';CK]C]‘ — DiDja
+D;3"Kyj + D Kyi + B* D Kij + aF " F™ by H, (3.8)
where F¥; = —26%.67;. Note that in the last equation, equation (BX), the Hamiltonian con-

straint ([CIF) has been added, and that this addition changes the structure of the principal parts

of the differential operators involved in the equations. This has been done on the grounds that the
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equations thus modified have better stability properties than the “bare” equations (see [51], [96],
and [56] for reviews).

In order to efficiently study the non-linear dynamics resulting from the Gregory-Laflamme insta-
bility, we find it convenient to be able to macroscopically “perturb” the black string solution (B1I).

We do so by altering hq from its black string form. More specifically, at the initial time we set

f;—g (0,7,2) =1+ Asin (z?) e (r=ro)*/3%, (3.9)
Here, A is a measure of the strength of the perturbation—in particular, for A = 0 the perturbation
vanishes and we recover the black string solution—and ¢ is an integer that controls the spatial
frequency in the z-direction. To complete the specification of the initial data for our evolutions, we
set all remaining metric components, hq, and K,,—except for h,., K, and Kgp—to their black-

string values. The values of h,,., K, and Kpyg are then determined from the constraint equations

as described in more detail below.

3.3 Numerical Implementation

In this project we chose to perform free evolution, meaning that the constraint equations are only
solved at the initial time. One motivation for this choice is that the solution of the Hamiltonian
and momentum constraints, which are generally elliptic in nature, is computationally more costly
than solving equations of evolution type. This is particularly the case when one wants to imple-
ment the numerical solution on massively parallel, distributed memory machines; parallelization
of single-grid, finite-differenced evolution equations is straightforward, while parallel treatment of
elliptic equations (or other equations with “long-range interactions”), may need to be quite intri-
cate. Having solved the constraints at the initial time, we then follow the standard practice in
numerical relativity of computing the residuals associated with the discrete constraints as time
progresses as one measure of the error in the solution. Here we are exploiting the property that the
evolution equations preserve the constraints at the continuum level, and that this property should
be preserved by our discrete scheme—to the order of truncation error—provided that the scheme

is stable [14].

3.3.1 Evolution

In our numerical implementation we fix the mass of the unperturbed black string to one, i.e.
M = 1. A second order finite-difference, Crank-Nicholson treatment for the evolution equations

is used, with the resulting algebraic equations for the update values solved using an iterative
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process. This process consists of a constant number of iterations (3) and can be viewed as a
specific predictor-corrector scheme for the evolved variables [100].

We discretize on a uniform grid, using coordinates (z, z) where z = r/ (1 + r). Note that since
x = 1 corresponds to r = 0o, we can actually set boundary conditions at i° (see Figure [[Z). This
compactification of the radial coordinate proved crucial to the efficacy of our scheme; our compu-
tations done on a grid with finite range of the radial coordinate, r < 0 < rp.x, with the sort of
approximate outgoing conditions often used in numerical relativity, lead to spurious results (includ-
ing indications of time-independent, z-dependent solutions) which exhibited significant dependence
on the specific value of 7y chosen. The use of numerical dissipation of the Kreiss-Oliger form [52]
was also essential to the stability of our numerical scheme, and was particularly important in two
regions of the computational domain: close to the horizon of the black hole, as well as for x — 1
(i.e. close to i%), where the lack of spatial resolution caused outgoing disturbances to ultimately
be represented near the Nyquist limit. In this latter case, the Kreiss-Oliger dissipation provides
a natural and effective mechanism for “annihilating” the outgoing radiation while minimizing the
amount of artificial reflection back into the interior of the computational domain.

Another important aspect of our implementation is the use of black hole excision [101]. As is
the case for the 4-dimensional black hole discussed in Sec. [3 at = 0 the black-string spacetime is
singular: not only do some curvature terms go to infinity there, some of the metric coeflicients blow-
up as well. Dealing with such infinities numerically would seem to be fairly hopeless with current
techniques, so to circumvent this problem, some region interior to the black string is excised from
the computational domain. At the excision surface we do not need to set boundary conditions (this
assumes that the time-locus of the interior boundary is either null or spacelike), and in practice we
simply use a finite difference approximation of the evolution equations that employs appropriate
one-sided difference formulae. The reason that this can work in principle is due to the fact that
the interior of a black hole (or black string) by definition cannot influence the exterior, as discussed
in Sec. Now, for excision to work in practice, the excision surface needs to be chosen to be
inside the event horizon. However, the event horizon is a globally defined structure—it cannot be
located without knowledge of the entire spacetime. On the other hand the apparent horizon (the
outer most marginally trapped surface) can be computed from quantities that are defined at a given
instant of time and, assuming cosmic censorship, lies inside the event horizon [44]. In practice then,
we locate the apparent horizon periodically and ensure that we are excising within this surface,
and thus within the event horizon. The algorithm for locating the apparent horizon is described
in detail in [18] and consists of a flow method that corrects the radius of an initial guess for the
apparent horizon until the surface has an expansion below some specific tolerance. Specifically, if

the radius of the apparent horizon is given by r = R (z), the function R(z) is corrected at every
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iteration by

R"™ =R" -0, A1 (3.10)

where R"*! [R"] is the value of R(z) at iteration n + 1 [n], 6 is the outward null expansion at
iteration n and A7 is the time-step for the evolution of the flow.
As a final note, following the development of a stable, convergent serial (single processor) code,

we constructed a parallel version using the CACTUS Computational Toolkit [1L1].

3.3.2 Determination of initial data: solving the constraints

As described previously, once the components of hap and K, that we have deemed to be freely
specifiable are given at ¢t = 0, we solve (BH)—(@H) for the initial values of the remaining geometric
variables, A, K, and Kgg. This solution proceeds by iteration—each pass is comprised of three
distinct stages, each of which involves the solution of one of the constraints for the appropriate
geometric quantity (i.e. one of hy, K, Kgg) treating all other quantities, including the other
two constrained functions, as fixed. This process is iterated until the £o—norm (RMS value) of
the residuals of all the equations falls below a certain tolerance. To initialize the iteration, we
assign (unperturbed) black-string values to h,.., K, and Kyg. At least for the weak perturbations
(small A’s in equation [BH)) considered in our study, this initialization is good enough to yield
convergence for the iterative process.

We now describe this iterative solution process—in particular, the solution of each individual
constraint equation—in more detail. The constraint equations are discretized on a uniform grid of
points {z;, z;} with 2; = (i = 1)A,, i =1,...,N,, and z; = (j — 1)Az, j = 1,..., N,. The mesh
spacings in the x and z directions are Az = z,41 —x; = 1/(2(Ny — 1)) and Az = zj41 — 2 =
L/(N, —1) respectively. We typically excise the region x < 1/2, corresponding to r < M, from the
computational domain, i.e. the range of our coordinates is such that 1 = 1/2, 2y, =1, 21 =0
and zy, = L. We first consider the Hamiltonian constraint &), which in our coordinate system

can be viewed as an equation for h,.., and which has the form:

6hr7‘ azhrr 6hr7‘ 6hr7‘ ? 2
Fi o +F2hrrw +F3hTTW + Fy ( B ) + F3 (hrr) + Fgh,-=0. (3.11)
Here, the F,,,, m = 1,...,6, are functions that generally depend on all of the metric and extrinsic

curvature components and their derivatives except h,, (and its derivatives). We discretize this

equation to second order in the mesh spacings using a difference approximation centered at the
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points (x;11/2,2;). The resulting algebraic equations can be written as follows:

[hrr]i+1,j - [hrr]i,j
(Fl)i+1/2,j Azx +
1
(F2)i+1/2,j 5 ([hrr]iJrl,j + [hrr]i,j)
L herliger = 2lhenlig + herdigoy | Prelivrgen = 2herlivay + (heclivaj ]
2 Az? Az?

1 1 |:[hrr]i+1,j+1 — [Prrig1,—1 n (Mrrli i1 — [hrr]i,j—1:| n

(F3)i41/2,5 2 ([hrrlivrj + [Perlis) 5 2Az 28z

2
2
N [hrrlij+1 — [hrr]i,j—lﬂ N

L ([herlivr i1 = [herliv1j1
2Az 2Az

(F4)i+1/2,j [5

2
(Flessjag |5 Woisrs + mlen)]| + Fodn |5 Gl + o) =0, 312

Here (Fin),; 4 /2,j Are second order approximations of the functions Fj,, at points ($i+1 /25 yj). As-
suming the values [h,r]; j,7 = 1,2, -- N, are known, the above system can be viewed as a set of N,
non-linear algebraic equations for N, unknowns [A,,]i+1,,5 = 1,2,--- Nz. We can solve this non-
linear set of equations using an N,-dimensional Newton-Raphson method. Note that we thus solve
the equations “line-by-line” in z;, starting at the inner boundary, ¢ = 1, which is chosen well within
the horizon of the string (as mentioned above, typically at » = M which amounts to z; = 1/2),
and where the boundary values, [hyr]1,;, j = 1,... N, are chosen to be those corresponding to an
unperturbed black string. Also note that the algebraic systems obtained in the linearization of
[E3R) are: (a) tridiagonal, due to the nearest-neighbor character of our second order finite differ-
ence approximations; and (b) cyclic, because of the imposed periodicity in the z-direction. These
linear systems can be solved efficiently (in O(N,) time) using a cyclic tridiagonal linear solver [8€].
We now turn attention to the r component of the momentum constraint ), M, = 0, which

is viewed as an equation for kgp = Kgo/a (the factor of « is introduced to more readily maintain

regularity at spatial infinity). In terms of this function, M, = 0 can be written as

ok
Gla—;@ + Gokgg + G5 =0, (3.13)

where, again, the functions G,,, m = 1,2,3, do not depend on kgg or its derivatives. Note that
this equation does not contain any z-derivatives of kgg and thus, for any value of z, is an ordinary

differential equation in x, which is moreover first order in . We discretize (B2I3) using

kooli+1,5 — |keoli,j 1
(Gl)iH/QJ [ ] + JAI [ ] : + (GQ)iJrl/Q,j 5 ([ké)@]i+1,j + [ké)@]i,j) + (G3)i+1/2,j =0, (3~14)

which is a second order approximation centred at the point (z;1;/2,2;). For any value of z;, and

assuming that the values [kgs]i+1,; are known, the above algebraic equations can be solved for
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[kgoli;. The boundary conditions [kes]|n,,j, 7 = 1,...N., at x = 1 (ip) are again fixed to their
(unperturbed) black string values.

The last constraint equation, M, = 0, is considered to be an equation for k.. = r?K,../a (again,
the scaling of the extrinsic curvature component by 72/« is motivated by regularity considerations

at z =1):
Ok
0z

Once more, the functions H,,, m = 1,2, 3, do not involve k.., or its derivatives. This equation has

H, + Hsk, + H3 = 0. (3.15)

the same structure as [BI3)), but with the roles of z and z reversed, so that we now have, for any
value of z, an ODE in z that we must solve. The second-order discretization used in this case is
centred at points (z, zj41/2):

[krr]i, ] - [krr]i, ] 1
(H1); j11/2 JHAZ L+ (H2); jy1/2 5 ([Brrlig+1 + [Krrlig) + (Hs); j112 = 0. (3.16)

In order to solve these equations, we again set the boundary conditions [k,r];1,% = 1,... Ny to

their black string values computed at z = zyin, then solve for increasing values of j.

3.3.3 Finding Event Horizons

As explained before, it is not possible to calculate the intersection of an event horizon with a given
spacelike slice of a spacetime without knowledge of the entire spacetime. Specifically, in order
to locate an event horizon one must determine the causal past of future null infinity, which in
effect means determining the origin of all null geodesics that reach ZT. Any region of spacetime
not contained in the causal past of Zt (i.e. the “exterior universe”) lies within a black hole, by
definition, and the surfaces separating black hole interiors from the exterior universe are the event
horizons.

For the purposes of the black string calculations, it is interesting to attempt to study the actual
dynamics of the event horizon—i.e. the time history of the intersection of the event horizon with
our spacelike hypersurfaces, so a method that provides a good approximation to the location of
the event horizon is needed. Here we describe one technique that we have used, following [49], to
do just that. The method involves approximating the location of the boundary of the causal past
of some r = constant surface by following radial null rays.

We first derive equations for certain null rays in our spacetime. In particular, an appropriate
Lagrangian for radial rays (i.e. no motion in the z direction) in our coordinate system is

L= (=024 hB72) ) + 2h Bt + hey ()7 (3.17)

where the prime denotes differentiation with respect to some affine parameter . Since we are

interested in null trajectories, we set £ = 0. The equation for the radial position of the null rays
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is then

- 8" = R(t,r, z), (3.18)

where the plus [minus] sign corresponds to outgoing [ingoing] null rays respectively. Note that
this equation is expressed in terms of derivatives with respect to the coordinate time ¢, which are
denoted by an overdot. Once the evolution of the spacetime has been calculated, equation ([BIS)
for the outgoing case is integrated backwards in time, for all values of z;, with initial conditions
r = ro at the maximum time ¢,,,, achieved in the evolution. We chose ry to be outside the horizon
and close to x = 1, as an approximation to Z*, or inside the horizon and close to the excision
surface. In both cases, at least for our spacetimes, the evolution backwards in time accumulates at
the event horizon. The integration is done using a second order Runge-Kutta scheme. Specifically,
for a ray with constant coordinate z;, in order to calculate r™ (the radial position at time t")

from the value "1 (the radial position at time ¢"*!) with t" = ¢"*1 — At we use the following

approximation:
ki = —AtR(" T ), (3.19)
ky = —AtREA" —1/2At 7" 4 1/2ky, 2), (3.20)
o= "t k. (3.21)

Here, R is defined by the right hand side of equation (BI8). In order to calculate R(t"+1, 7"+ 2)
and R(t"T1 r"*1 2) we need to determine values of o, 3" and h,.. at those coordinate positions.
Since the functional form of « is specified a priori, we can use that closed-form specification for the
needed lapse values. In order to calculate the required values of 3" and h,.., we use second-order
(bi-linear) interpolation in the (z;, z;) mesh.

Notice that integration of the equations of motion for the rays backwards in time does not give
us all of the causal past of = rg, but only the part of the past that can be reached by purely radial
rays. However, we believe that for the spacetimes that we have computed, and particularly since
the event horizon is an attractor with respect to backwards integration, tracking these rays allows
us to rather accurately locate the horizon. For related discussions of approximate event horizon
location in the axisymmetric, four-dimensional case, see [12], [49],[60]. Finally, we should point out
that the technique of backwards integration is absolutely crucial to the accuracy and efficiency of
this strategy—forward integration of outgoing null rays becomes an increasingly ill-posed problem
(especially at the numerical level) for rays emanating from regions closer and closer to the event

horizon.
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3.4 Results

Our code was thoroughly tested and showed second order convergence in the mesh spacings as
expected. In particular, second order convergence of independent discretizations of the equations
of motion was demonstrated, as was second order convergence of the discrete constraint equation
residuals. This provides a stringent test of the correctness of our implementation.

All of the calculations performed in this study have initial data as defined by ([B) with specific
parameter values A = 0.1, ¢ = 1, 79 = 2.5 and §, = 0.5. Using these parameters, we have been
able to recover the main perturbative results found by Gregory and Laflamme [37]. Specifically,
we found a critical value L. for the string length which is within 2% of the value reported by
Gubser [39], L. ~ 14.3M. Fig. Bl shows the maximum, Ryax, and minimum, R,;,, values of the
areal radius of the the apparent horizon, as well as the following parameter defined in [39]:

1 Rmax
- —-1). 22
A 2 ( Rmin > (3 )

In the figure one can see that for a string length marginally larger than the critical value, L.,
the apparent horizon gets increasingly distorted as the evolution proceeds, i.e. the maximum value
of the areal radius grows while the minimum decreases. On the other hand, for a value of L slightly
smaller than L., the evolution is evidently (physically) stable.

In order to most efficiently study the non-linear regime in an attempt to determine the ultimate
fate of an unstable black string, we want to have the instability growing as fast as possible. We thus
decided to study configurations with a string length L = 1.4L. since perturbation theory predicts
that the fastest growing mode has a wavelength close to that value [31].

In Fig. B2 we show sequences of embedding diagrams illustrating the evolution of the apparent
horizon for a calculation with L = 1.4L.. In this diagram angular dimensions have been suppressed,
and new coordinates (7, Z) are used so that the coordinate distance along the curve corresponds to
proper distance along the apparent horizon. From these plots, we can get some sense of how the
perturbation grows, and how there are indications that the late-time solution may be approaching
a series of black holes connected by thin black strings.

Unfortunately our code crashes soon after the last frame shown in Fig. (and such crashes
are generic in our late time evolutions of unstable black strings) . Thus we cannot conclude that
this chain of black holes connected with a thin black strings is truly indicative of the final state,
not least since the spacetime is still highly time-dependent at the time of the crash. Investigation
of the behavior of the dynamical variables as ¢ — tcpasn indicates that the break-down is due
to a coordinate pathology. First, we find that t.;.sh is not significantly dependent on the mesh

spacings Az and and Az. This suggests that a numerical instability is not responsible for the
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Figure 3.1: Values of the maximum, R .x, and minimum, R, areal radius of the apparent
horizon as a function of coordinate time for two values of the string length. This
calculation has been done for a black string with M = 1. The dotted line corresponds
to a string length larger than the critical value, L = 1.03L.: one can clearly see the
increase of Ry,.x and decrease of Ryin as a function of time. The continuous line
corresponds to a string length smaller than the critical value, L = 0.975L.. In this case
the evolution is stable and the small temporal variations observed can be understood
in terms of a combination of numerical errors and the “relaxation” of the black string

from a slightly excited state induced by the perturbation.
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Figure 3.2: This figure shows snapshots of the apparent horizon, computed in coordinates such
that coordinate length of the curve corresponds to proper length along the apparent
horizon, and where the two angular dimensions have been suppressed. Note that the
figure extends for two periods in z (i.e. the z-span is 2L = 2.8L..), and that the portion
of the curve plotted for negative values of 7 is included only for better visualization of

the horizon dynamics.
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crash. Second, curvature scalars are calculated, and they appear to remain finite at all events of
the evolution indicating that no physical singularity is produced within the computational domain.

Finally, to this point in the analysis, only the dynamics of the apparent horizon, and not the
event horizon, has been considered. However, Fig. shows a comparison of results computed using
the approximate event-horizon-locator described in Sec. B33 and those from apparent horizon
location. For the event horizon location, outgoing null rays are traced back in time from 3 different
“initial” (actually final) surfaces. Two of these surfaces are defined by r1 = 10, r2 = 4 and lie
outside the apparent horizon, while the third is 5 grid points (in our numerical coordinate x; )
away from the excision surface and inside the position of the apparent horizon. The figure shows
how quickly the null surfaces traced backwards from the initial cylinders converge to one another,
as well as to the apparent horizon. This indicates that the apparent horizon is indeed a good
approximation to the intersection of the event horizon with a given spacelike hypersurface in the

spacetimes we have constructed.
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Figure 3.3: Plots of the apparent horizon (labeled AH) and estimates of the event horizon location
(C1, C2 and C3) in coordinate space (in contrast to the embedding coordinates used
in Fig. B2). Here, the C1 (C2) curve marks the evolution of the outgoing radial null
rays for the final t = 164 surface with rg = 10 (1o = 4). C3 denotes the evolution of
outgoing radial null rays, emanating from a surface just inside the apparent horizon at
t = 164. Thus, moving backwards in time, these curves should asymptote towards the
event horizon of the spacetime. These plots suggest that for most of the evolution (at

least), the apparent horizon is an excellent approximation to the event horizon.
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Chapter 4

General Relativistic
Hydrodynamics in Spherical
Symmetry

4.1 Introduction

In this chapter we describe the code we have developed for solving the fully coupled equations of
general relativistic hydrodynamics in spherical symmetry.

From the pioneering work of May and White [6&] to more recent codes using HRSC methods,
such as that described in Noble’s thesis [79], there have been many different implementations
of spherically symmetric general relativistic hydrodynamics that have been used to study a wide
variety of problems. These problems include supernova explosions [68], [98], the structure of neutron
stars [91], and critical collapse [7&], [4€], [79]. Overall, these studies have been very successful and
many results have been obtained. We view our development of yet another spherically symmetric
relativistic code as a logical first step towards our ultimate goal of studying axisymmetric self-
gravitating hydrodynamics. The spherically symmetric code serves two main roles: (a) it allows
us to experiment with the same formalism, and numerical schemes, as well as the same type of
coordinates used in the axisymmetric case, within the context of a much simpler model; and (b)
it provides us with the means of computing “benchmark” results that can be used to test and
calibrate an axisymmetric code, provided that spherically symmetric initial data is evolved by
the latter. In the spirit of (a), the code has proven to be quite useful since it has allowed us to
identify an appropriate set of variables describing the state of the fluid, so that geometric constraint
equations actually have solutions in the strong-field regime. We note that existence of solutions is
not always guaranteed for the case of non-linear elliptic equations, as emphasized by York [[114] for
the particular case of the constraints of general relativity.

The remainder of this chapter is organized as follows. In Sec. and using the 3 4+ 1 decom-
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position explained in Sec. [Tl we discuss the equations that determine the geometry, as well as
the Valencia formalism for the treatment of the fluid variables (see Sec. [l and App. [A]). In the
following section, we detail the numerical approach used to solve the equations, focusing on the
HRSC method and finite-volume discretization used for the hydrodynamics. In EEZT] we explain
the problem we encountered using a standard approach to solve the geometric constraint equations
to determine initial data, and describe how this problem was resolved through the introduction of
new dynamical variables for the fluid. Finally, in Sec. B4l we summarize some of the tests that

have been performed in order to check the reliability of our numerical implementation.

4.2 Model/Equations

As discussed in Sec. [[4 a perfect fluid has a stress energy tensor of the form
T = pohutu” + Pg"”, (4.1)

where pg is the rest mass density, h is the specific enthalpy, P is the pressure and u* is the fluid
four velocity. Note that the specific enthalpy h can be written in terms of the specific internal
energy, €, as h = 1+ ¢ + P/po.

For this study, we choose so-called mazimal/isotropic coordinates in which the spherically sym-

metric, time dependent metric takes the 3+1 form
ds* = [—a(t,r)? + ¢(t,r)' B(t,r)*] dt* + 24 Bdtdr + * [dr® + r® (d6* + sin® 0d¢?)] .  (4.2)

As in our study of scalar collapse in Chap. Bl we adopt angular coordinates # and ¢ that are adapted
to the spherical symmetry. The radial coordinate, r, is fixed by demanding that the 3-metric be
conformally flat, and the time slicing is fixed by requiring that the slices be mazimal, which means

that the trace of the extrinsic curvature vanishes
Tr[Kyl =K' =K+ K%+ K% = K", +2K% = 0. (4.3)

As we will see, this last relation provides an equation for the lapse function that must be solved on
each slice as the evolution proceeds. We choose this specific gauge since it is the natural restriction
to spherical symmetry of the coordinates used in our axisymmetric implementation, which in turn

are based on the coordinates used in [19].
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Following [3(], and references within, we now introduce hydrodynamic variables as follows

D = poW, (4.4)
S, = pohW?u,, (4.5)
E = pohW?—P, (4.6)
T = E-D, (4.7)
vo= CZ:O+§, (4.8)
W = au'=(1-0v") 2 (4.9)

We note that the definitions of D, S, and 7 are motivated by our desire to cast the fluid equa-
tions into conservation form, as briefly described in Sec. [C4l Moreover, in our adopted system of
coordinates, it is convenient to rescale these variables by an appropriate power of ¢ (as we explain
in more detail in Sec. EZ)). In particular, we will use rescaled variables D = %D, S, = 65,
Y57 and P = ¢SP.

7

Using the 3+1 formalism outlined in Sec. [C1l we now derive the equations that will determine
the geometric variables. Due to our restriction to spherical symmetry, as well as to our choice of
coordinates, we can implement a fully-constrained evolution—wherein all geometric quantities are
determined at all times either from the coordinate conditions themselves, or from the constraint
equations—and we choose to do so.

Given the form of the metric (EEZ), and the demand that K¢ = 0, the Hamiltonian con-
straint (CI8) can be written as

3 Ft D)

w/l + %w/ + EKTT2¢5 4 27'('( w =0, (410)

while the r» component of the momentum constraint gives

2\’ 3
(ZZQ) K"\ — SW% —0. (4.11)

In addition, the coordinate conditions give us two more equations. First, the slicing condition,

derived from the demand that (EE3]) hold for all ¢ is

(K") +3

(D+%+313)

512
+ 4 r

2,2 n §4KT 2+4
[(r*4%) o] 5% (K) i Y2 wﬁ(%+[)+ﬁ)

1
0 a=0, (412)

and fixes the lapse at each time. Second, the requirement that the equations for 4, and Agg/r?

(which in the 3+1 approach follow immediately from the definition of the extrinsic curvature
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components ([CZJ)) be equal, so that conformal 3-flatness is preserved in time, provides the following
ODE (ordinary differential equation) for the single non-trivial shift vector component, 5 = 3":

2r (3 I_ ,
2 (3) e, w

r

These complete the set of geometric equations needed to perform the evolution. In addition, we
have an evolution equation for the conformal factor which, again, follows from the definition of the

extrinsic curvature component, K" :

. (0%

§ =~ SYKT, + 40+ S (114

The hydrodynamical equations can be calculated from local conservation of the fluid stress

tensor
(T‘“’) =0, (4.15)

M

as well as local conservation of the particle number
(J“)W =0. (4.16)

Again, given our restriction to spherical symmetry, two independent equations can be derived

from EID)

] _
o an
|

—g Ot V=gor | ¢8
’ 3 5 2 D
L 523 2p% 4 3P+ S |k, 4028 (4.18)
1/16 Yt o « 1/14(?+D+P) ro

Here g is the determinant of the metric ([Z), so that /=g = ay5r?sinf. Equations @I
and [IR) represent local conservation of momentum and energy, respectively. From the particle

conservation equation ([EZIH) we get

| S

In summary, the complete set of differential hydrodynamical equations that is discretized in
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Sec. B3l is
10 /- 10 . B B
2 D)*Wa{“ [D( a)]} =0 (4.20)
1 a 23 1 a 2 o T 6 -
W&(TST)“LWE{O‘T [S< ‘5)* ]} =
N <2 / U 5 ’ 7
6P + 2 I RIS (%+D) o o (4.21)
pr(F+D4P)| v e a T
1 0 10
@E(TQ%)—F?E{OATQ {?<UT——)+PUT]} =
G / 3 B &2 ~
—5—23—2P£+ 3P+—ST~ . KTT+2—6. (4.22)
vt o o 2/14 (?—&—D—FP) ro

As usual, the above differential equations need to be supplemented with regularity and boundary

conditions. At r = 0 the following regularity conditions are imposed:

Y (t,0) = 0, (4.23)
o' (t,0) = 0, (4.24)
K" (t,0) = 0, (4.25)
p(t,0) = 0, (4.26)
D' (t,0) = 0, (4.27)
S, (t,0) = 0, (4.28)
7 (t,0) = 0. (4.29)

As was the case for our study of scalar collapse, we will approximately solve our equations of motion
on a spatially finite computational domain, 0 < r < ryp.x. For the geometric variables, we impose
boundary conditions based on the requirement that spacetime be asymptotically flat in the limit
r — 00, and that our time slices be labelled so that coordinate time coincides with proper time at

infinity. Specifically, we must then have

A®)

Jim (k) = 14— +0(r™?), (4.30)
Tli_)rglo alt,r) = 1+ @ +0(r ), (4.31)
lim f(t,r) = @ +0(r™?), (4.32)

where A(t), B(t), C(t) are general functions of time (which in practice are not independent of each

other). Following standard practice in numerical relativity [L16], these fall off conditions [E30HEZZ)
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can be expressed as the following mixed (or Robin) boundary conditions,

o (=1 _ 5 _

O (a—1) _3y

o + - =0(r°)=0, (4.34)
B B _ 5 sy

E + ? = O(T ) ~0, (435)

which are independent of the particular form of the functions A(t), B(t), C(t). This technique
allows us to implement [E3MHLRD) using [EE3HESH) without previous knowledge of these functions.
Alternatively, we also have used the following outer boundary condition for «(t,):

. 1= M(t,r)/(2r)
Am olt) = T3 ) /@)

(4.36)
where M (¢,r) = 2r(¢(t,r)—1). This value corresponds to the value of the lapse for the Schwarzschild
solution written in isotropic coordinates.

For the fluid, we use boundary conditions based on the demand that the flow be purely outgoing
at the boundary. We approximate this condition by assuming that the derivative of the conservation
variables is zero at and beyond the boundary of the computational domain. At the discrete level we
implement this condition using ghost cells, see Fig. LIl where we copy the values of the ghost-cell
conservation variables from the last physical cell.

The hydrodynamical equations derived above do not completely fix the evolution of the fluid;
we must close the set of equations by specifying a functional relationship between the pressure on

one hand, and the energy and particle densities on the other; i.e. we must fix an equation of state.

In this thesis we restrict attention to the so-called ideal fluid equation of state (EOS)
P =(T-1)poe, (4.37)

where T' is the adiabatic index that will be taken to be a constant in the range (1,2]. This
choice of equation of state, which is an extension of P = (kg/m)poT (kp being the Boltzmann
constant) see [13] and [99], admits stationary solutions (in contrast to the ultrarelativistic EOS,
P = (I —1)py, for example). This is a key feature which makes it a popular choice in relativistic
hydrodynamics [30].

In ending this section, we reemphasize that we have introduced so-called conservative variables
qg = {D,S, 7}, in order to cast the fluid equations in conservation law form, i.e. in the form
of (TZO). In particular, the conservative variables are in no sense independent of the primitive
variables, p = {po,v", P} (or equivalently {pg,v",€}), but rather are functionally related to the

primitive quantities via equations (E2])—E3).
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Figure 4.1: In this diagram we show the cells near the boundary of the computational domain
in our numerical scheme. The squares denote the discrete values for the conservation
variables and the crosses denote the values of the fluxes. We approximate the outflow
boundary condition using ghost cells (shaded on the figure): the values of the conser-

vation variables in the ghost cells are identical to the values in the last physical cell.

4.3 Numerics

We now describe the algorithm used to solve the coupled system of equations presented in the
previous section. We have already noted that due to the symmetry of the problem and to our
choice of coordinates, the geometric variables on a given hypersurface X; can be calculated without
resort to equations of evolutionary type, assuming that the values of the hydrodynamical variables
are known at that time. In order to calculate the solution on a future hypersurface, ;4 Ay, we

adopt an iterative process. The iteration consists of the following main steps:
1. Make an initial estimate for the geometric variables {Gi"‘H} at time ¢t + At.

2. Treating the advanced values of the geometric variables as known quantities, evolve the fluid

equations to get estimates of the fluid fields {Qj”“} at t + At.

3. Treating the advanced values of the fluid variables as known quantities, solve the constraint

equations to correct the values of {Gi"H}.

Here {G;,"™',i=1,2,3} = {a, 8,¢} and {Q;""!,j =1,2,3} = {D,S‘T,f'}, and are evaluated at

the advanced discrete time, ¢t = t + At. The two last steps are repeated until the £ norm of the
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difference between the values of the fluid variables from two successive iterations is below some
tolerance (typically 10~10).

In the remainder of this section, we first discuss the numerical solution of the geometric equa-
tions (EIOHET), and then the numerical treatment of the hydrodynamical equations ([ETZHETY).
The geometric equations (which are all ordinary differential equations in ) are solved using second
order finite difference techniques. The fluid equations, on the other hand, are solved using a finite
volume approach first developed by Godunov [3€], which exploits the fact that the equations are

written in conservation law form.

4.3.1 Geometric Equations

We first note that, in accord with our 341 decomposition of the Einstein equations, neither of the
constraint equations ([EI0) nor ([EIT) involves the lapse function, « or the shift vector component,
0 (the “kinematical” gravitational variables). Thus, to solve for the geometric variables, we first
view the constraints as a system of 2 coupled ODEs for the quantities ¥ and K", then solve that
system iteratively, as described below. Once 1) and K", have been determined, ([ET2) and EI3)
can be solved for o and (3, respectively.

In order to finite-difference the geometric equations, we introduce a uniform spatial grid
{r1,7r2, .., 7y ..., N, }, where ;11 = r; + Ar, Ar is the constant mesh spacing, 1 = 7min = 0, and
TN, = Tmax 18 the outer boundary of the computational domain. Adopting the usual finite difference
notation f; = f(r;), we use the following second-order (O(Ar?)) finite difference approximation of

the constraint equations

=31 + 42 — 93
= 0 4.38
2Ar ’ ( )
Vi1 =20+ i1 2% —i1 3 o5 (D; + 1) )
il S KT 20 o i T g —92 N, —1,
Ar? + T Ar + 16( )i Ui+ 2m Uy !
YN, —1 3N, —WpN,. 1 +YN.—2
+ - 0,
TN, 2Ar
K = 0, (4.39)
(KTT)i - (KTT)i Ti“l’lw’? - TZ1/}Z2 1 r r
— +6 +21 N5 [(K rip1 T (K T)z]
Ar Ar (m+1¢i+1 + mﬁi) 2
—87TS”'+1/2 = 07 = 17...7NT—1.

These two sets of equations are solved iteratively by first updating the ¢;,¢ = 1,2,--- | N,., as-
suming the (K",),,i = 1,2,---, N, are known, then updating the (K",), assuming the 1); are

known. Fixing the values (K7,),, equations [38) comprise a non-linear system for the unknowns
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1;. This system is solved using a (global) N,-dimensional Newton-Raphson method, where at
each Newton step all IV, values ¢; are simultaneously updated. Each of these updates requires
the solution of a tridiagonal linear system, which is accomplished using a standard LAPACK
routine [2]. In the second stage of the constraint-iteration, given the boundary (regularity) condi-
tion (EZZH), equations [E3) are solved using a pointwise Newton method for each of the unknowns
(K" )ip151=1,2,--Np — 1.

We note that it would be possible to implement a scheme whereby both systems (E38) and
[E3Y) are solved simultaneously using a global Newton iteration. The banded systems (bandwidth
~ 6) that would need to be solved at each Newton step could still be solved in O(N,.) time.
However, we have not explored this option.

The slicing condition is treated using a second order discretization similar to that used for the

Hamiltonian constraint:

—3aq + 4as — a3

A = 0, (4.40)
3 (@is1 — i) Ti2+1/2¢i2+1/2 — (@i — i) 741'271/2%2*1/2 _
V2 Ar (rf’+1/2 — Tf’_l/g)
§¢,4(KT )2+4771]/)4(D'+T'+3P')+47T% o = 0, i=2,..,N,—1
g Vi )i A (i+Di+P)| ’ e
an, — LT Mne/Cry) 0,

1+ My, /(2rn,)

where My, =2 (¢, — 1) ry, . For the bulk equations we have discretized the expression (1 / r2) a/0r
as 30/0(r3). This is a particular instance of a standard technique in numerical relativity (originally
due to Evans [28]) whereby terms of the form df (r)/dr with f(r) ~ r? as r — 0, and for some
integer p > 1, are rewritten as pr?~1(d/d(r?))f(r), and then differenced. This approach generally
leads to improved behaviour of numerical solutions near r = 0, since the difference scheme is, by
construction, consistent with the leading order regularity behaviour of the differentiated function.

Equations ([E4) comprise a linear tridiagonal system for the «; which can again be solved using
a standard LAPACK routine. Note that the discrete outer boundary condition used here derives
from (E3G).

Finally, we need to discretize equation ([EIJ) for the shift vector component (. This is done
by first introducing a new variable w = (/r, with discrete representation w;. In terms of w,

second-order discretization of equation (ELT3]) results in

wy = 0,

Q; KTT ; i KT’I" ; .
LG P T €SO Y I Y (4.41)

Wig1 —w; 3
Ar 4 Ti+1 T
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We solve these equations in two stages, first integrating with an arbitrary boundary (initial) con-
dition to give a set of provisional values, w;, then correcting the w; to produce final values w; that
satisfy the true boundary condition. Specifically, we set w; = 0, and integrate outwards. We then
set

w; = w; + k, (4.42)
where k is a constant value chosen so that

WN, — WN,—1 P WNr + WN, -1
Ar (rn, +7rn,.—1)

=0. (4.43)

This outer boundary condition is derived from ([E3H) and the definition of w. Finally, we compute

the values of the shift component using 3; = w;r;.

4.3.2 Hydrodynamic Equations

Treatment of the fluid equations in the discrete domain requires special care. As we have already
discussed, the hydrodynamic equations will quite generically develop discontinuities, even if the
initial conditions are smooth. In order to handle such discontinuities numerically we have adopted
a finite-volume approach, using Roe’s approximation for computation of the numerical fluxes. For
discussions of these methods in general see [51], [58], for their application to special relativistic
hydro see [61], and for the general relativistic case see [30]. Our approach produces a solver of so-
called Godunov type, involving the solution of a Riemann problem at the spatial boundary of each
of the discrete volume elements (cells). As we have previously noted (Sec. [[4l), Godunov methods
are applicable to any set of hyperbolic evolution equations that has been written in conservation
law form. In particular, our fluid equations ([E20)-[E22) can be written as

0 L9 (ar’F) = S. (4.44)

—_— 2 [ —
ar? ot (T q) + ar? or

Here g, F, S are 3-dimensional vectors of dynamical variables, fluxes and sources, respectively:

q = —f?,ﬁr,%], (4.45)
F = D(UT—§>,S'T(UT—E)—I—P,7~'<’UT—E)—|—PUT:|, (4.46)
L « « a
[ 2 / ~ / B / D
S5 = |0,46P+2 —— ¢—+Sré—(%+P)—+2—,
(T+D+P) (& a
Q / _al B ) ~
SOV AN Y SR - KTT+2P—6 : (4.47)
P« @ Qo

(%+D+15)
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In addition we define a vector of primitive variables
p= [p07 v", P] (448)

which can be used to specify the state of the fluid and that we call primitive variables. These
variables, related to q by [EZHEY), are useful in order to compute the fluxes F'.

In our finite-volume approach, we discretize the spacetime region bounded by the hyper-

On+1/2

surfaces ¥; and Y;ya; with a set of uniform-size rectangular cells { i+1/2

{t" " i risa }, see Fig.

} having vertices

t n+2
Ar
t n+1
C n+1/2
i+1/2 At
t n
Fiva2 I i+var2
ri ] i+2
Figure 4.2: Detail of one of the control volumes C’;fll/f used in order to discretize the hydrody-

namic equations of motion. Note that the vertices of the cells correspond to locations
(", 7)), (t" 7mip1), (871 1) ete., and are the locations at which the discrete geometric

variables are defined.

In practice, the cell vertices are the locations at which the geometric variables (which satisfy

finite difference equations) are defined.

Integrating these equations over any control volume, C’Zfll/f, we get
9 (9 9 2 2
— (r’q) drdt + — (ar®F) drdt = Sar-drdt, (4.49)
otz Ot cn+i/2 Or /2
i+1/2 i+1/2 i+1/2
n+1/2

where we have used dC = ar?drdt for the infinitesimal 2-volume element associated with the

i+1/2
cell C’Zfll/;. Note that this is not the usual volume element, /—g = ar?y5, associated with the
metric ([E2), because a factor of 1/ has been absorbed in the source terms S through our definition

of the new variables D, S”,, etc.



Chapter 4. General Relativistic Hydrodynamics in Spherical Symmetry 63

Using standard integral theorems this last equation can be expressed as

_ 1 2 — 2
(Q?:1/2Ti+1/2AT - ‘I?+1/27"i+1/2AT) +

(F?:ll/Qan+l/2rf+1At — F?+1/204?+1/2T1-2At) = S?jﬁ/ja?j_f/jrfﬂ/2AtA7’, (4.50)

i+1
where g}’ | /25 F?Hﬂ, and S Z:rll/;—which are the fundamental discrete hydrodynamical variables—
are defined by
—-n 1 /TiJrl (tn ) 2 d (4 51)
Qi = —S5——— q(t",r) r= dr, .
Y Tz'2+1/2A7° r;
n+1
L n+41/2 1 / ¢
F, = — F(t,r;) a dt, (4.52)
a?ﬂ/ At Jin
n+1
&nt1/2 1 k / as 9
S; = S(t,r) ar* dtdr. (4.53)
e a2 AtAr Jin =

i+1/2 Tit1/2
Equns. (X0), along with the above definitions, comprise the basic discretization adopted for eqns.

E23).

We now schematically write eqns. (ER) in the following way:

A1 —-n n+1/2
qu:rll/2 =qi4q2 T AL Gi+1/2 ; (4.54)

where

1/2 - n+1/2 1/2 o gnt+1/2
ar-fl/ r2+1Fi+1 — oY r?F,
GrHYZ A |- : ‘ ’
it1/2

ont1/2 ny1/2
N + 85/ 0l |- (4.55)

2
Tit1/2

/ ~n+1/2

Note that I:"?Jrl ? and S,/ depend on the fluid quantities at both the advanced and retarded
discrete times, "' and t", respectively. In order to approximate the fluxes, I:"?H/Q, we use Roe’s
approximation [90], which is given by

7= % (FG™) + F () ~ 3 Malwan,) (4.56)
We will explain in detail below the calculation of the different elements that appear in this last
expression. For the time being, we note that A\, and n,, are the eigenvalues and right eigenvectors,
respectively, of the velocity matrix V = dF /dq. F(pY), F(p") are computed from equation (EAH)
using approximations p™ and p* for the primitive variables. In fact, p* and p~ are approximations
to the primitive variables at the same spatial location—the location of the cell interface, r = r;—
but are computed using values defined either to the right or to the left, respectively, of the interface.
The process of computing approximations at the cell interfaces is known as reconstruction. In our

case we use a “minmod slope limiter” type [106] of reconstruction which results in equations (EEGTI)



Chapter 4. General Relativistic Hydrodynamics in Spherical Symmetry 64

and (E52) for p" and pT. We note that that the calculation of the primitive variables, p, from
the conservative variables, g, is not completely trivial due to the non-linear algebraic relationship
between the two sets of quantities. The specific method that we use to compute p(q) is also
explained below.

Expression ([LR6) results in a second order (in space) approximation for the fluxes, that holds
in regions of smooth flow, and away from any extrema of the functions being reconstructed. On
the other hand, computation of the source term, S?:ll/;, using the values qi', | /2 yields only a first
order (in time) approximation. To maintain overall second order accuracy in the cell size (again,

in regions of smooth flow and away from any maxima in q), we decompose the time step into two

sub-steps:
_n+1/2 _ At
q?+1/2 = Qi+t > Gii)a s (4.57)
_ _ +1/2
q?:11/2 = Qi1 +AtGZrl//z : (4.58)
Gt /o corresponds to expression ([ERH) evaluated using F?, S’?H /2 and o', while G?jll/; is com-
S n1/2  =nl/2
puted using F?Jr / , S?:l /2 and a?ﬂ/ 2 (an interpolation of the lapse function at the half time
~ 1/2 -
step). F?Jr / and S?:ll/; are calculated from the conservative variables obtained from (X)) and

their corresponding primitive variables. This completes the description of the basic update scheme

—n-+1

for the fluid variables TEARS

We conclude with two additional remarks concerning our numerical scheme. First, we note that
the flux for the S, equation (M) is actually split into two distinct pieces, one that contains a term
that goes as 2]5/ r, and the second that absorbs the remaining terms. The first term is manifestly
divergent as r — 0 and directly cancels with the analogous term appearing in the source of (E=ZT).

Second, we observe that difference quotients such as

2 2
(ai+1ri+1Fi+1 — Oéi’l”l- Fz)

, (4.59)
7}'2+1 /2A7°
which appear in G4/, (see (ERI)) are rewritten in the following way
ewnrtulin - arth) (450)

3
Tig1 — T4

in the same spirit as for the finite difference case explained in the discussion of ([EZ0).

Calculation of the Roe flux

We now explain in more detail how to compute the different expressions appearing in formula (EER0).
Fig. shows the main steps in the calculation of the Roe flux. The reconstructed values pt

and pU—from which the quantities F(p") and F(p") that appear in the Roe approximation are



Chapter 4. General Relativistic Hydrodynamics in Spherical Symmetry 65

calculated—are computed using
13111/2 = pPi+o; (Ti+1/2 - Ti) ) (4.61)
135—1/2 = DPiy1+0ir1 (Fiv1y2 —Tig1) - (4.62)

in equation ([ZH). Note that p, are the primitive values defined at the cell centres, their computa-

tion from the conservative variables is explained in detail in the next section. In equations (EEGII)

and {8, o; is given by

o; = minmod (si,l/g, siH/Q) ) (4.63)
with
Pi+1 — Di
; =, 4.64
Sz+1/2 'f'i.l,_l —r ( )

Finally the minmod function is defined by

0 if ab <0
minmod(a,b) = ¢ a if |a| <|b] and ab >0 (4.65)
b if Ja| > |b] and ab> 0.

Note that this function is used as a “slope-limiter” in order to decrease spurious oscillations that
may appear at discontinuities. If the two slopes o; and ;11 have the same sign, then the one
with smaller absolute value is used to linearly reconstruct the fluid variables. On the other hand
if the slopes have differing signs (e.g. at an extremum), a first order reconstruction is performed,
i.e. the values of the fluid at the cell centre are assigned to the cell interface. At the extrema,
this produces a reduction of the accuracy of the overall scheme from second to first order in the
mesh spacing Ar. This reconstruction procedure introduces a certain amount of dissipation in the
overall scheme [79]. We also note that this is by no means the only viable way of reconstructing;
for discussion of other approaches see [58] and [71].

We now explain in detail the characteristic structure of V', which is needed to compute the Roe
approximation for the numerical fluxes. The eigenvalues, A, and right eigenvectors, n,, of V' are

(see [30])

Ao = av” -0, (4.66)

Ay = 1—04Tc§ {’UT (1-¢2)+ cs\/(l —v2) [% (1 —=v2e2) —vmom (1 — cf)} } — 3, (4.67)
K K

o = (W?UTa 1- W) ) (468)

ny = (LhWCft,thlft—l), (4.69)
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Figure 4.3: This figure illustrates the main stages in the computation of the Roe approximation for
the numerical flux F. First, in stage A, the primitive variables are computed from the
conservative variables at the location of each cell center. In stage B, two approximations
for the primitive variables are computed at each cell interface, one from values defined
at, or to the left of the interface (p~, equation EHI)), and the other using values
defined at, or to the right of the interface (p&, equation ([@EZ)). Finally, using these
last approximations, the characteristic structures of V', F(p") and F(p") are calculated

in stage C, enabling the computation of the Roe fluxes, F, using (EER0).
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where we have defined the following quantities:

_ K/ po

£o= (4.70)
o= v -V, (4.71)

r - v — Ari

Vi - 1/,(/14 — ’UTAQ:7 (472)
- B 1/1/)4 —uTu"
'A:I: - 1/,(/14 — ’UTAQ:7 (473)
AL = Ai/a+ G/ (4.74)

In addition, we have introduced the sound speed, cg, in the above, defined by ¢ = 1/h (x + P/pr),
with x = OP/0pp and k = OP/0e. The particular values of the primitive variables used in order
to compute these characteristic fields are 1/2 (pL + pR).

The last ingredient we need in order to compute the Roe flux are the w,; these are the jumps in
the characteristic variables associated with the local Riemann problem, and are implicitly defined
by

flz%r1/2 - flz'L+1/2 = Zwana- (4.75)
o

Here (q%,q") are the values of the conservative variables, which are calculated from the recon-
structed primitive variables (p®,p"), using @BIHEGD). We first reconstruct the primitive vari-
ables, then transform to conservative variables, since this approach leads to increased numerical

stability relative to direct reconstruction of the conservative variables [79].

Calculation of the primitive variables

The final piece of the algorithm for evolution of the discrete fluid quantities involves the calculation
of the primitive variables p = [pg, v, P] from the conservative variables g = {f), S, %}. From the
definition of the conservative variables (=) —EH), as well as the relation h = 1+ e+ P/pg, we can

derive the following equation for the pressure
f(P)=D(1+e)W+P(W*-1)—D—71=0. (4.76)

Noting that W (P) = \/22/(22 — S2), where Z = (7 + D + P), and assuming that the equation
of state can be cast in the form € = e (pg, P) = (D/W, P), we see that, for given values of D, S,
and 7, ([EX0) becomes a non-linear equation for P. Given a good initial guess for P, we can find a
solution to ([ETH) using a Newton-Raphson method, for which we need to be able to compute the
derivative df (P)/dP = f'(P). To this end, the following relations are useful:

w'p) = (1-W?)/V22-52 (4.77)

€(P) = %@%Jr%. (4.78)
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Furthermore, in order to calculate [EZZ8) we use
S0l | om| 0
OP|p . s, dpolp OP|p .5,  OP|,
_ D ow| el b
w2 9P prs Opolp  OP|,
B D oW oP oP 1
W2 oP |, s Ipo|. " Oel, K
D oW x 1
- = 77 A 4.79
W2 0P|, s K K (4.79)
Collecting results, we have
D D x 1
"P)=D |1 — P W +DW |W —=+ = W2 —14+2PWW'. 4.80
Py =D |tee(p) W ow [ X 2w o1 (4.50)
For the specific equation of state considered here, P = (I" — 1) pge, we have
fi(P)y=w' D4oPw——| st (4.81)
r-1 r—-1 ' '
The following relations are also needed at various stages of the update algorithm:
PW
= 4.82
¢ = T15 (4.82)
D
Ro= C-Dp=(C-1)3, (4.83)
PW
= T-1e= — 4.84
x o= (C-De=7, (434)
PWT (T —1) D 11!
2
= = 4.85
G DT —1)+ PWT [PWI‘—'—F—J (485)
Once the pressure is calculated the rest of the primitive variables can be computed using:
Sr
= —— 4.86
Y T+D+ P ( )
, 1
P — %UT , (4.87)
po = DV1I—wvr, (4.88)
P
€ = . 4.89
T (4.89)

The calculation v, using [ERH) can lead to non-physical velocities larger that 1. We note that in

order to avoid this problem, an alternative expression to compute v,, which ensures v, < 1, was

proposed in [7&].
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4.4 Results

4.4.1 New Variables

As explained in Sec. EE21 the variables, ﬁ,S’T and 7 that we have introduced in order to write
the hydrodynamic equations in conservative form are not precisely those—D, S, and 7—which are
proposed and used by other authors [66], [30]. Although use of either set allows us to write the
fluid equations in conservation law form, we will now argue that the set D, S, and 7 is a better
choice when viewed in the context of providing sources for the geometrical constraint equations.

Let us consider the initial data problem for our self-gravitating fluid. In spherical symmetry
the gravitational field has no dynamical degrees of freedom, and as a consequence the initial state
of the geometry is totally fixed by the state of the matter sources at ¢t = 0.

Specifically (and strictly for simplicity of presentation), if we consider time symmetric initial
conditions (so that the resulting spacetime has a t — —t symmetry about ¢ = 0), then the com-
plexity of the differential equations governing our model is considerably reduced. In particular, the
radial 3-velocity, v", of the fluid must identically vanish, and this simplifies or eliminates many of
the terms in the constraints that involve the fluid variables. Time symmetry also implies that the
entire extrinsic curvature tensor vanishes, so the radial momentum constraint is trivially satisfied.
The only non-trivial constraint is the Hamiltonian constraint, which written in terms of D and 7

(S, vanishes due to the time symmetry) takes the form

r—lzar (r*o,¢) 4+ 2m (D + 1) ¢° =0, (4.90)

with boundary conditions given by (E33)). Here we note that the operator acting on 1 is simply
the radial piece of the Laplacian written in spherical-polar coordinates, taking into account the
fact that ¢ is spherically symmetric. Given the condition v” = 0, we can view D and 7 as freely-
specifiable quantities that fix the initial state of the fluid. For the sake of concreteness, we consider

an initial profile for D given by a gaussian pulse
D(0,7) = Aexp |— (r —ro)* JA2] (4.91)

and then compute 7(0,7), from the polytropic equation of state P = KpL. This gives us the
condition that P(r) = D(r)', so that 7(r,0) = P(r)/(I' — 1) = D(r)V /(T — 1).

We investigate the behaviour of solutions of (EO0) using the following shooting method. For
given values of A, rp and A,, and adopting the notation ¥ (r) = ¥(0,r), we choose a trial value
for ¥(0) (the shooting parameter). Given the second initial condition, ’(0) = 0 (which follows
from regularity, and where a prime now denotes differentiation with respect to r), (Ed0) can be

integrated radially outwards to some final radius 7 = 7yax. The value (0) is then iteratively
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refined until the value 1) (rmax) satisfies the discrete boundary condition given in [E38) to some
specified tolerance.

For sufficiently small values of the amplitude parameter, A, we encountered no problems in
finding solutions of ([EQW) using this technique. However, for large values of A the situation was
quite different: in such cases, in fact, there seemed to be no values of 1(0) that would produce
solutions of () satisfying the outer boundary condition, lim, . ¥ (r) = 1. In Fig. EEd we show

the estimates, lim,_, ¥(r; A) for various values of A, and for I' = 1.8.

05 Hoo v e b b
1 1.1 1.2 1.3 1.4 15

¥(0)

Figure 4.4: This figure plots estimated values of 1(c0) as a function of the shooting parameter
1(0), for 10 different values of the amplitude A in the range 0.05 < A < 0.5 and spaced
by AA = 0.05. All calculations have been done with ro = 0.5, A, = 0.1 (see @T)),
Tmax = 1 and T' = 1.8. ¢(00) is estimated from the assumption that lim, . 9(r) =
(00) + C/r. These results clearly suggest that above a certain threshold amplitude
(which in this case is approximately A ~ 0.13), there are no solutions of (L) that

satisfy the outer boundary condition, lim, . ¥(r) = 1.

We note that the solutions plotted in Fig. EE4l do not correspond to particularly large values of
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the conformal factor ¢(r), and that all solutions computed are smooth. We also note that the use
of continuation (or homotopic) processes, which use information about the solution for a parameter
value A as input (or initialization) for the solution for parameter value A + JA > A, did not help
matters. In addition, we verified that the failure to find solutions of (EE90) was not a consequence
of the discretization schemes used. In particular, we used several different solution methods and
several distinct discretizations and found the same results in all cases.

The results of the above experiment agree with an observation made by York [115], who analyzed
an equation similar to (E30). York argues that in order for the full non-linear equation to have a

solution, the linearization of the equation with respect to ¥ + §,

Tizar (r?0,) + 107 (D + 1) ¢* | 69 = —2mp° (6D + 07) (4.92)

must also have a solution. The claim is that, in general, the linearized equation will not have a
solution satisfying d1) — 0 as r — oo. The reasoning that York follows involves analysis of the
homogeneous equation (i.e the linear equation without sources) which he shows does not satisfy
a maximum principle (as one generally wants for elliptic equations), but instead admits solutions
that tend to be oscillatory as r — oco. York therefore concludes that the full equation will generally
have no solution satisfying the boundary conditions at infinity, when the analogue of D+ 7 is freely
specified.

The argument that the homogeneous equation does not have solutions that asymptotically tend
to zero (applied to our Hamiltonian constraint) is based on the fact that (D + 7)? is positive-
definite. The sign of this term can be changed by a suitable conformal rescaling of 7 and D, i.e. by
choosing to freely specify conformally related functions D and 7 defined by D = Dy™ and 7 = 74"
for some integer n > 1. In terms of these new variables the linearization of the Hamiltonian

COIlStIalIlt 1S
267‘(7' (97‘)+27 (5—’11) (D+7)w n 6¢__ —27¢ n((SD+(SI). (4-93)

By York’s argument, if the second term on the left hand side of the above equation is negative-
definite, then the theory of elliptic equations tells us that the solution of the equation exists and
is unique. The choice n = 6 in our definitions of D and 7 thus not only allows us to demonstrate
linear stability of the Hamiltonian constraint, it also absorbs the factor ¢ that originates from
the determinant of the 4-metric, and which appears in the fluid equations of motion. (Here we
note that a factor of 9% was also introduced in the definitions of S, and P in order to simplify the

equations of motion).



Chapter 4. General Relativistic Hydrodynamics in Spherical Symmetry 72

4.4.2 FEvolution of TOV solution

The Tolman-Oppenheimer-Volkoff (TOV) solutions [80], [102], and [103] are the static solutions of
the spherically symmetric equations of general relativistic hydrodynamics. These solutions were
initially studied by Tolman [102] and [103] and then generalized by Oppenheimer and Volkoff [](]
in order to describe neutron stars (stars supported against gravitational collapse by the degeneracy

of neutrons). To construct these solutions we adopt a polytropic equation of state
P=Kp, (4.94)

which can be considered as an equation for non-interacting degenerate matter [94]. This equation
can be seen as a particular case of the ideal gas equation P = (I' — 1) pge in the limit of zero
temperature [79].

Let us remind the reader that one of the main uses of the spherically symmetric code explained
in this chapter is as a calibrator of our axisymmetric implementation. Ultimately we want to
use the axisymmetric code to study the critical collapse of rotating stars. The corresponding
spherically symmetric problem is the critical collapse of perturbed TOV solutions, and was studied
by Noble [79]. Since the lifetimes of near critical solutions can grow without bound as the critical
limit is approached, it is thus crucial that we are able to evolve TOV solutions for long physical
times.

It is particularly convenient to compute TOV solutions in Schwarzschild-like coordinates (£, 7),

where the time-independent, spherically-symmetric metric takes the form
2 SNy 772 2m(7) - S22 | 22 3092
ds® = —exp (2¢(F))dt“ + [ 1 — ——= dr* + 7dQ*. (4.95)
T

Using the polytropic equation of state (EE9), the resulting equations for the metric coefficients and

pressure are

d

d—? — 4nip, (4.96)
do 1 dP

R 4.
dr p+ P dr’ (4.97)
dP +P + 473 P

b _ (£ D) (m+4r’P) (4.98)
dr 7 (7 — 2m)

The equations give rise to a continuous family of solutions which can be parametrized by the
central pressure P(0). Choosing a particular value for P(0), and with the additional initial con-
ditions m(0) = 0 (regularity) and ¢(0) = 0 (normalization of time parameter to central proper
time), the set of ODEs (9G] is integrated outwards from 7 = 0 using the LSODA integration

package [84]. After the metric coefficients m(7), ¢(7) and the pressure P(7) have been computed
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in the Schwarzschild-like coordinates, we must perform a coordinate transformation to the maxi-
mal/isotropic coordinates, (¢,7), used in our evolution code.

Since the TOV solutions are static, we have t(£,7) = ¢ and r(¢,7) = (7). We can determine

dr _ <1_2m_<f>>”2

dr r

r(7) by integrating
(4.99)

<3

This equation can be obtained by first comparing the angular parts of the two metrics, which yields

the relationship 1*(r)r? = 72, then comparing the radial parts,

r

<1 - Qm—(r)> o di = *(r)dr, (4.100)

and combining the two results.
We now discuss the integration of ([E3J). Considering the limit 7 — 0 of the equation, and
taking into account that m(7¥) ~ O(73) by regularity, we obtain the following equation valid for

7 — 0:

dr

== (4.101)

=3

Therefore the behaviour of r for small values of 7 is given by r = A7, with A a constant that will
be fixed by demanding that the solution tend to the Schwarzschild form as r — oco. We thus first

integrate the following outwards from r = 0:

e
d_: - 1, if =0, (4.102)
i () ~1/2

_7: - (1 — M) 2, otherwise, (4.103)
dar T T

which amounts to choosing A = 1. Once this integration is complete, we rescale the solution, r(7),
so that it satisfies the correct asymptotic boundary condition by exploiting the fact that if () is

a solution to [EHY), then kr(F) (with k constant) is also a solution. In particular, we set

'Fmax 1— m(fmax) + 1— 2m(7zmax)

2 Tmax Tmax

(4.104)

T(Fmax) =

This condition is computed by comparing the metric coefficients of Schwarzschild in the two coor-

dinate systems considered, i.e. by comparing

oM, oM.\ !
ds® = —(1——>dt2+(1— ) dr? + r2dQ?, (4.105)
T T
IM.\ 2 M 2 M\
and  ds® = —(1-= 1+ =) di?+ 1+ =) (df* +7dQ%), (4.106)
T 2r 2r

where M is the ADM mass of the star.
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Finally, we note that once r = r(7) is found, 9 (r) is calculated using

W(r) = \/é (4.107)

As mentioned above, the different TOV solutions can be parametrized by the value of the
pressure at the centre of the star or, equivalently, by the central density. Fig. shows plots of
solution curves for TOV initial conditions. Specifically, the left plot shows the ADM masses of
the stars obtained for I' = 5/3 (which corresponds to a non-relativistic degenerate fermi gas) and
K =1 as a function of the base-10 logarithm of the stellar radius (we note that the radius of the
star, 7., has been defined somewhat arbitrarily by P(7,) < 10719). The right plot shows the ADM
mass as a function of the base-10 logarithm of the central density. Such plots have been calculated
by many authors [44], [79]. Our equilibrium curves qualitatively agree with the ones calculated

by [79], and we note that direct comparison is not possible since we are using a different coordinate

system.
0'25; stable | 0‘25; stable unstable
0.2 — — 0.2 —
= =

0.15 - - 0.15 [

o1 | unstable i o1 .
S T I O S M Y NI | e e e e e e e e
0 0.2 0.4 0.6 -3 -2 -1 0 1

Log,,(r.) Log,,(p(0))

Figure 4.5: These plots show solution curves for TOV initial conditions, computed with I' = 5/3
and K = 1. The figure on the left plots the ADM mass of each star against the base-10
logarithm of its radius, 7. The plot on the right shows the ADM mass of the stars as a
function of the base-10 logarithm of the central density. In each case, the vertical line

indicates a transition between stable and unstable stars.

We now proceed to a discussion of typical results computed using our dynamical spherically

symmetric hydro code, using TOV configurations as initial data. First, in order to demonstrate
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convergence of our code, Fig. L0l shows the time evolution of the rescaled central pressure, P(t, 0),
from calculations at three different mesh spacings (resolutions). The initial condition for each of
the three runs is a TOV solution with a central pressure P(0) = 0.002157, and calculated using a
polytropic equation of state with K = 0.1 and I' = 5/3. In order to perform the evolution we choose
an integration domain with outer radius at rpnax = 5 (approximately 8 times larger than the radius
of the star) which we discretize with N, = 1025, 2049, 4097 points. Note that we use At = AAr,
with A = 0.2 held fixed as the spatial resolution is varied, so that each run is characterized by
a single discretization scale, Ar. This figure provides evidence that the evolution is second order
accurate since the least-squares slope, m ~ dP(¢,0)/dt, which should be zero in the continuum
limit, is apparently O(Ar?).

Although the code is convergent, it is also quite dissipative (a result of the particular Godunov
scheme that we are using), which leads to dispersal of the stars after some time (see Fig. ). This
effect seems to be more acute in the current maximal/isotropic coordinates than in the polar/areal
coordinate system used, for example, in [79]. In order to decrease the amount of dissipation
introduced by the update algorithm, we replace the original equation for the numerical flux (EEhH])
by

€

F;= % (F (pR) +F (pL)) -3 Z [ Aalwany, (4.108)

where € is a tunable parameter. Fig. EZlshows the evolution of P(t,0) for different values of e. Note
that for e = 1 we recover the usual Roe approximation for the numerical flux, whereas for ¢ = 0
the discretization corresponds to a particular finite-difference approximation of the hydrodynamic
equations. From the figure we can see that a decrease in € leads to a decrease in the slope of
dp(t, 0)/dt, but that it also makes the solution increasingly irregular. It is thus evident that at
least some amount of the significant dissipativity exhibited by the code can be attributed to our
particular computation of the numerical flux.

In this chapter we have described a spherical symmetric code to solve the fully coupled equations
of general relativistic hydrodynamics. This implementation has not only served as a preliminary
step in the construction of the axisymmetric code described in the following chapter, it has allowed
us to identify a new set of dynamical variables {D, S,, %} with which to describe the fluid. These
variables give rise to a well-posed elliptic problem for the constraint equations in the particular
coordinate system considered. Moreover, we have also learned that our numerical method is so
dissipative that we have difficulty achieving long-term evolution of static, stable, TOV solutions.
In order to solve this latter problem, a new numerical implementation that uses adaptive mesh
refinement—so that increased grid resolution can be automatically increased where needed—is

being developed. This too will be briefly discussed in the next chapter.
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Figure 4.6: This plot shows the evolution of the central value of the rescaled pressure, P(t,0), using

fixed initial data, and three separate finite-difference resolutions: N, = 1025, 2049 and

4097, with A = At/Ar = 0.2. The initial data are computed with a polytropic equation
of state (K = 0.1 and T' = 5/3) and a central pressure P(0) = 0.002157. The outer

boundary of the computational domain for these calculations is ryax = 5, which is

approximately 8 times larger than the radius of the star. We see clear evidence for

convergence in the sense that the temporal variation in P(t, 0) decreases as the mesh

spacing decreases. More quantitatively, the slopes mg, m1, ma (indicated in the figure

legend) are tending to zero quadratically in the mesh spacing, as expected for a second

order accurate code.
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Figure 4.7: This figure shows the evolution of the central value of the conformally rescaled pressure,
P(t,0), for a sequence of evolutions starting from the same TOV initial data (P(0) =
0.00046,T" = 5/3 and K = 1), but using varying amounts of numerical flux (see (ELI08)).
It is clear that addition of the numerical flux tends to make the code more dissipative
(and hence more stable), and that this in turn can have a significant influence on the
long-time evolution of the stars. It is also apparent that the numerical solution becomes
increasingly irregular as the numerical flux tends to zero (again, consistent with the

stabilizing property of the numerical flux).
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Chapter 5

Axisymmetric Hydrodynamics

5.1 Introduction

In this chapter we discuss a numerical code that evolves the hydrodynamic equations coupled to
the Einstein field equations in axisymmetry. This work makes use of a previously developed code
due to Choptuik, Hirschmann, Liebling and Pretorius [19] which solves the Einstein equations in
axisymmetry with an optional scalar field matter source. The code described in [19] implements
both fully- or partially-constrained evolution (i.e. at least some of the constraint equations are
resolved at each time step to fix certain geometric quantities), and has been used to investigate the
critical collapse of a massless scalar field in axisymmetry [20].

The work described here involved the following modifications to the existing code: (1) a perfect
fluid was incorporated as a source for the geometric evolution and constraint equations, and (2)
a routine to integrate the hydrodynamic equations, using an extension of the numerical method
described in the previous chapter was included.

This chapter is organized as follows. In Sec. 2 a brief introduction to the 24+1+1 formalism
is given; this includes a summary of the equations that are to be integrated. Our particular im-
plementation is restricted to the case without rotation around the axis of symmetry. Nevertheless,
because one of our long-term goals is the study of rotating configurations, we present, in Sec. B3
the equilibrium equations for determining initial data describing a rotating star. This system of
equations has an integrability condition that we explain in some detail, following the treatment
of Bonazzola et al. [d], but recasting their development in the framework of the 24141 approach.
Some explanation concerning the numerics is provided in Sec. X4l Finally, results, as well as future

plans, are summarized in Sec.

5.2 2+1+1 Formalism

We begin with a brief summary of the 24141 approach, and follow with a discussion of the
equations of motion that result from the application of this approach in the context of perfect-fluid-

containing spacetimes. The 24141 formalism, originally introduced by R. Geroch [34], exploits
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the fact that, by definition, there is a (spatial) axial Killing vector field in any axisymmetric
spacetime. We remind the reader that the standard approach to numerical relativity involves the
341 decomposition summarized in Sec. [[Jl and used in previous chapters. The 3+1 approach
involves slicing the spacetime into constant-t¢ spacelike hypersurfaces, and describes the 4-geometry
in terms of the 3-geometry intrinsic to each hypersurface, as well as how each slice is embedded in
the full spacetime. In the 24141 approach, on the other hand, the spacetime is first decomposed on
hypersurfaces orthogonal to the axial Killing vector field, £*. In the remaining quotient spacetime,
which has 2 spatial dimensions, as well as 1 temporal dimension, a space-plus-time (i.e. 241)
decomposition is then performed, in complete analogy to the usual 341 split. From the 2+1
perspective, the net effects of the initial decomposition with respect to the “symmetry dimension”
are the appearance of additional fields (relative to what one would have for regular 241 relativistic
gravity), and the appearance of additional source terms in the equations of motion. These fields
and source terms are analogous to those that arise in a Kaluza-Klein decomposition (see [83] for a
review of this type of decomposition).

We now define ¢ to be the coordinate associated with the axial symmetry, and denote the
Killing vector field by £€* = (9/9¢)“. Paralleling the development in Sec. [Tl where we defined
the 3-dimensional spatial metric (L7) induced on the spacelike hypersurfaces ¥;, we now define the

3-dimensional space-time metric, vag,

1
Yas = Jas — 38als (5.1)

induced on the 3-dimensional hypersurface orthogonal to £%, where s = £,£“ is the norm of the
Killing field (by symmetry, we need consider only a single 3-dimensional hypersurface in this case).
We note that the relative minus sign between the two terms in the definition (&) is due to the fact

that £~ is spacelike. The mixed form of v,g is the operator that projects onto the hypersurface:
« « 1 «
Ve =0 — 587, (5.2)

(We again remind the reader of our index conventions: 4-dimensional spacetime tensor indices are
denoted by greek letters, 3-dimensional ones are denoted by lower case latin characters, and finally
2-dimensional spatial ones are denoted with upper case latin letters.) We reemphasize that in this
case the metric on the three dimensional hypersurface is Lorentzian, not Riemannian, as is the case
for the standard 3 4+ 1 decomposition. Therefore the three dimensional indexes 4, j, ... now take on
both spatial and temporal values.

The covariant derivative compatible with v,3 (Yas) is denoted by D,, and can be defined via

projection of the 4-dimensional spacetime covariant derivative in the usual manner. Following [2(]
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the 24141 Einstein equations can be written as:

wew® 8w 1
D%D,s = —— — — Ty — =T ), 5.3
5 58 s < 96~ 5 > (5.3)
D[awb] = 87T'S€abcTc¢ 5 (54)
3) ! Lo e o g 1 N
Ry = EDanS + 55 ZacZp® + 81 | Tapy*ay"s — §7abTa ) (5'5)

where we have introduced the twist vector, w,

2
Wo = %eaﬁ,\(,gﬁZ’\", (56)

and the antisymmetric tensor, Z,s

Doy = O (%@) s (Sizga> . (5.7)

As can be easily verified from the definition (), w,/s® is divergence free:

De (%) —0. (5.8)
Let us point out at this point that if s = 1, in analogy with Kaluza’s original work in reducing 4+ 1
dimensions to 3+ 1, &, plays the role of a Maxwell field, and then Z,; is simply an electromagnetic
field strength tensor.

Equation (BE3) can be viewed as an evolution equation for the scalar quantity s. Additionally,
two of the three equations () provide evolution equations for w, and w, while the third is a
constraint on those components of the twist vector. Finally, the remaining 3-dimensional field
equations (H) are to be further decomposed using a space-plus-time split. Performing this split,

we can then write the spacetime metric as
1 1
ds® = <—a2 + 8—253 + Huﬂlﬂ‘]) dt? + 2¢,dtde + s*de? + 2 <H1Jﬁf + 8—25th> dtdz?!
1
+2¢rdz" dp + <HIJ + S—2§1§J> da’dx’ (5.9)

where H 4 is the 2-dimensional spatial metric, « is the lapse function, and 34 is the 2-dimensional

shift vector. In order to describe the perfect fluid, and in analogy with the spherically symmetric
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case discussed in Chap. B, we define the following variables:

D = pW, (5.10)
Sa = pohW?va, (5.11)
Sy = pohW?vy, (5.12)
E = pohW?—-P, (5.13)
r = E-D, (5.14)
vt = 5—;+% (5.15)
vy = %, v¢=si2%, (5.16)
W = auO:(l—vAvA—v¢v¢)_l/2. (5.17)

In terms of these quantities the hydrodynamic equations take the form of conservation laws (see
section E2Z2). Note the non-standard, and original to our work, definitions of vs and v?, which are
made in order to get equations adapted to the 2+1+1 formalism. We now have all of the necessary

elements needed to discuss the equations of motion for the geometric and hydrodynamic variables.

5.2.1 Geometry

We fix our spatial coordinates by demanding that the 2-metric H4p be conformally flat, so that
HIJ:w4 (tapaz) fIJa (518)

where fr; = diag[1, 1] is the Euclidean metric in cylindrical coordinates (p, z). The time coordinate
is fixed by requiring that the trace of the three dimensional extrinsic curvature, ) K%, be zero,
and where we note that

G =G K, = —n'g; (Ins) + DK, (5.19)

Here, n’ are the components of a unit vector field orthogonal to the constant-t spacelike hypersur-
faces. Equations (ISBTY), along with appropiate boundary conditions completely determine «
and 37 and thus exhaust the 2+1+1 coordinate freedom.

In order to improve near-axis (p — 0) regularity of our numerical solutions, we introduce a

(roughly) dynamically conjugate pair of variables, & and (2, defined as follows:

S
& log [ — ), 5.20
P : (m/)Q) (5:20)
—2K," — K.*. (5.21)

S
2
I



Chapter 5. Axisymmetric Hydrodynamics 82

These are evolved in lieu of s and its dynamical conjugate. In addition, we make the following

definitions:
o = pa, (5.22)
o' = W/ (5.23)
B, = wy/p? (5.24)
@, = w/p (5.25)
D = 4°D, (5.26)
S = %Sy, (5.27)
Sy = %8, (5.28)
T = O, (5.29)
P = ¢°P (5.30)

In the equations presented below, we generally use the variable ¢ in order to minimize the com-
plexity of expressions; the actual variable used in our numerical scheme, however, is &.
The variables @', @, and @, were originally introduced in the study [21] of a complex scalar

field, ¥ (¢, p, z, ¢), endowed with angular momentum via an ansatz

U(t,p,z,¢) = B(t, p, 2)e™?, (5.31)
for the specific case m = 1, i.e. with

U(t, p,z,¢) = B(t, p, 2)e™? . (5.32)

The specific powers of p chosen in the definitions (23020 facilitate the construction of finite
difference schemes whose solutions have good regularity properties. In particular, for the case of

ansatz (32)), it can be shown that the leading order behavior of the twist components is

limw' = p*f(t,2) + O(p"), (5.33)
p—
limw, = p’g(t z) +O(p"), (5.34)
p—
lin%wz = p*h(t,2) + O(p°). (5.35)
p—

These expansions then imply that @', &, and @, are all O(p) as p — 0—this behavior is more
readily maintained in the finite difference domain than O(p?), O(p?®) etc.
An important point is that these regularity conditions—again, derived for the case of coupling

to a scalar field with the ansatz ([E32)—are more stringent than the most general condition in the
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fluid case. Forcing the twist vector to have the above leading order behavior forces the angular

momentum to go to zero quadratically, i.e.:
lim Sp = pPq(t, z) + O(p"), (5.36)
p—

whereas in the general case we would have Sy, = p(t, z) +O(p?). This restrictive condition is chosen
so that we can use equations which are as similar as possible to those described in [19], thereby
minimizing the number of required modifications of the code.

We also note that in ([2Z3)) a factor of /7, where v is the determinant of the 3-metric, has been
factored out so that time derivatives of the lapse do not not appear in the equations of motion.
Finally, expressions (E26HE30) define conformally rescaled conservative variables, paralleling the
definitions made in the spherically symmetric case (see Sec. EEATI).

We can now summarize the equations for the geometry. We have two equations which are

derived from the momentum constraints, and which govern the shift vector components, 5 and

o

2 1 112

R N R AR ALV CRT AL R MRS
1 ~ 2 _ _ 8 -

L, 00) 6,6 (92 55 0]~ 20 30,1 0,] — B

Q ~ ~t

_16770;_% - ‘Zﬁgi 0, (5.37)
¥4 4 ¥4 1 1 4 ¥4 ¥4 1 z ¥4
oo T gﬁ,zz 3 oz T o [g (85, — B%) o — (85, + 52) O‘m} + P (8% +B5) + 0., (8% +55)

1 ~ 2 _ _
o 4285 =28, = paf) v+ 6 (B + 5,) 0] — oo [0 0] +2(5% - 55) o

alS,  ap?e.ot

The Hamiltonian constraint provides an equation for :

8 1 4
E {wypp + s+ ;1/}4) +1o.+ wypa,p] +2 (pr)z +2 (072)2 + ;pr +20::+ 20,
2 5= 2 pQ 1 ]2 2 2 2 1 2 1 2 4
4 202 z z z z z
2,20 2P — |z 2(pr Z(pP o - _ *pp
+¢ {3/) + 3 a ( i ﬂ,z) + 2 {3 (@z) + 3 ( ,p) + 2 (5,Z) + 656, + 2 (ﬂw) 367p ,Z}}

16 (f’+l~)) N (;112) + P22 . 1 p20t2 0
d 02 2edoy)8 2 Yl2ete

(5.39)
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The slicing condition, which fixes the lapse, «, is derived from ®) K% =0 and /ot ((3)Kii) =0:

1 2
Qppt+ Q. +Q,0,+Q,0,+ ;a,p + — (7/),pa,p + 7/},z04,z)

(4

2 - - 1 2 2 1 1 4
st {210 (3, - 02) 00 + 1 [ (90" = 3 0207 - (050"~ 5 ()7 - 2 + g}
S2 + 52 S? o

o /. ~ ~ - -
iy (T +3P+ D) a2 (P02 +@;) =0.  (5.40)

— — + -
VO IF+D+ P p2e20 (%+D i 15) 2e474)8
The spatial components of the twist, w4, satisfy the following constraint, calculated from (B4):
300, + p2@,.p — iy + 16mSse” = 0. (5.41)

In addition, the twist components satisfy the following evolution equations, also obtained from
EA):

eoﬂz ~ ~ . .- ~ . o~ o~ ﬂp‘:}p
Sd) + (wz,pﬁ + ﬁ,pwz) p+3w.6°+ Wp,p+ ﬁ,pwp +2

Gy = 167

1 S. N - -
+ - —16wae”% - (wfpa +&ta,) p— 30t
¥ p (% +D+ P)
¥ ppacs
+ 4L o (5.42)
e’ 37 - -
Wzt = —167T7S¢ + B0, + B0, . + — (Wp 2087 + /szwp)
1 SpS,0e” ait
+ = [16r—22222 e —dlaL| + 4 ¥ - (5.43)
¥ P2 (T +D+ P) ¥
Expression ([EX) provides an evolution equation for &
O = —20'0Qp+ (—Gz . +30.00) o — @.a . + 28500 + R, + PO,
1 . . - W, 6w L w,0)
+ = [(30,0, —@pp) @ —wpar, + 30 8] + L= + S 6L 5.44
P (8200, = @p.) p%p ] 2 » P (5.44)
From the definition of Q we get an evolution equation for o:
1 . ~
o= P (BP0 pp+ Bo.p— p°ald — B0 + B°) . (5.45)
The evolution equation for Q is derived from (E3):
= 2 2\ 2 2
O, = B0, +50.+ pro + 1 (@Z) _ (ﬁ,p) _ a(a,z) 4+ Oz Q20 +0‘7p407p —Qpp 02‘7p4
2 po Yip pY P
) (cpp+1)a+ 2a,ppw 2U7ZCY’Q/J)Z N 21/1,,,,)04 62 (V,)° @202 +0%  o%pa
p2aps P p® ) 0 2 peloqhl2 edoq)16
52 S
+ 82 p - ¢ (5.46)




Chapter 5. Axisymmetric Hydrodynamics 85

Finally, an evolution equation for the conformal factor ¥ can be derived from ) K;% = 0:
o L, . 1 . 1 ~
Vi = B0+ S0+ B0 + ZUF% + Zupadd (5.47)

This completes the set of equations that we consider for the geometry. Note that not all the equa-
tions are independent of each other. In particular, equations (B47) and ([2h3) are both equations
which can be used to update . In the case of fully constrained evolution we use (b)) for that

purpose, while (E41) is used in a partially constrained evolution.

5.2.2 Fluids

We now consider the axisymmetric hydrodynamic equations within the 2+1+1 formalism. As
usual, the equations governing the evolution of the fluid may be derived from the conservation laws
([C30) and ([C37). Since we want to take advantage of HRSC methods (which have been proven
to be very successful in the study of relativistic hydrodynamics) we need to cast the equations in
conservation law form. In addition, the equations need to be adapted to the 24141 decomposition
of the spacetime. Since the complete derivation of the equations is somewhat lengthy, we simply

state them here; details of the derivation are included in App.

0 - 10 - P 0 - z

e {e”D} + 2 p {Ocpe"D [U” - %} } + P {ae"D {vz - %} } =0, (5.48)

%{e"%} + %(% {ape" [? (vp — %) + Pv”} } + % {ae" [? (vz — %) + Pvz]}
Sk

_ =7 5.49
x (5.49)

% {605',4} + %(?ﬁp {ape" [S'A (UP — %) + Pég] } + % {ae" [S'A (vz - %) + Péj]}
Sg

= 24 5.50
PR (5.50)

% {ea§¢} + %(‘% {ape”§¢ [v” — %} } + % {046‘75’¢ {vz - %} } =0. (5.51)
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In the above equations we have introduced the following source terms, noting that they do not

contain any explicit derivatives of the hydrodynamical variables:

&2
Sz = Ppe? + 56 R {2 < 1/1 ﬂp d} + 5 1/’) 30 ﬂp ﬂza_a} n
i pe” (% +D+ P) (4 02

z P Z ~ ~
L dp o ) Lo oy (g 0 g 0,
3 (7~'+D—|—P)1/)4 (9/) 0z 1/) (9 0z

S .S z 52 + §2
PGUL (ﬁ aﬁ ) —i—P{—szQae”—i—ﬁpeU} _poOéeGQ p~ f)
pr(74D+P) N0 O 3 3 (74 D+ P) s
S s B ape T L
So { ) 8 (_pwzsp +wpsz)} : (5.52)
Pipe? (T +D+ P) p (4
o ~ 20 _
Sy = 20pe {S§+Sﬁ+ ; Sﬁ} L6 pl0v
! (T+D+P) Yo dp
ae? 52 | o0 .\ da
4+ ape’P p — —pe’ (T+ D) — +
Py (%—l—D—i—P) dp ( ) ap
opr 01 -
—_ P [eg
[S o + 5. R } + Pae? +
« e 7 5.4 S’Z §¢ N p2 ol &
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Exploiting the fact that the coupled Einstein/hydrodynamical field equations presented in this and
the previous section are over-determined due to the general covariance of the theory (equivalently

the existence of the constraint equations), we can perform a non-trivial check of their overall
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consistency. In particular we have demonstrated that the expression resulting from application of
(02,5 + 02..) to the right hand side of (BZQ) coincides with the expression obtained by taking the

time derivative of the right hand side of the Hamiltonian constraint (EBH) written in the form

wwp + .=

1 Y
_;w,p — Y20 —Yp0, — =

4
{200 420 4 S0,k 2 k20,

2 pQ 1 2

2 5= 2 1 1 4
st {200 20 () 20207+ 0007 + 5 (0007 + 025+ 5 (5 - 3

i6n (7: + D) . @i + P22 1 P22
e 2edoq)8 2 p12¢do

Demonstration of the equivalence of the two expressions requires the use of most of the equations

of motion. The calculation was carried out using the algebraic manipulation program, Maple [64].

5.2.3 Boundary and Regularity conditions

In order to solve the differential equations presented in the previous section, we need to provide
boundary and regularity conditions. Here we restrict attention to the non-rotating case, since
we have yet to incorporate angular momentum into our code. The boundary conditions at the
outer edges of the (finite) computational domain are a combination of approximate Sommerfeld
conditions and relations that follow from asymptotic flatness. More specifically, quantities governed

by elliptic equations, i.e. a, 1), 34, satisfy boundary conditions of the form (see [87])

f_foo+pf,p+zf,z:0a (556)

where ¥o, = s = 1 and 8L, = 0. These conditions can be derived from the known large-r fall-off
of the metric components for the case of an asymptotically flat spacetime. The variables  and €,
which are radiative in nature, satisfy approximate Sommerfeld conditions at the outer boundary
of the computational domain, i.e. asymptotically these variables are assumed to be of the form
g =gt —r)/r, where r = \/m All of the dynamical fluid variables obey outflow boundary
conditions.

Near the z-axis, regularity dictates that «, 1, 8%, lN), 7 and §z are even functions of p, which
implies that their first derivatives vanish at p = 0. On the other hand &, 8” and §p are odd

functions and thus go to zero at least linearly in p as p — 0.

(5.55)
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5.3 Initial Data for Rotating Stars

Although the particular implementation to solve the relativistic hydrodynamic equations presented
in this thesis does not allow for rotating configurations, one of our long-term goals is to study the
collapse of rotating stars. For that reason the equilibrium equations for self gravitating perfect
fluid configurations with non-trivial angular momentum are presented in this section. A good
introduction to this topic is the review paper by Stergioulas [91], where the basic formalism and
the main implementations to date are discussed. Here, we will derive the equilibrium equations
directly from the dynamical equations introduced in the Secs. B2l and In addition to
assuming that the time derivatives of the metric and the fluid quantities vanish, we impose the
following conditions: 34 = S4 = Q = 0 = @' = 0. These choices are made to eliminate any terms
that “source” time derivatives in the evolution equations. If upon setting the time derivatives of
the dynamical variables to be zero at the initial time, we find that the evolution equations imply
that the time derivatives vanish for all times, then the spacetime is stationary and our coordinates
are adapted to the time-translational symmetry, i.e. to the timelike Killing vector field. We thus
believe that by imposing the above conditions we have not restricted the type of axisymmetric
stationary solutions that can be obtained.

From (ER0) we then get the following two equations:

_ 26720542 _ 6720'512
P, = o gp| Loy Y 5,
0t (F+ D+ P) vyt (74 D+ P)
G2 2,—0~
- A B Qp 1 S5 pie %W, ~
_(T+D+P)?+¢4 v | ey g Se| s (65)
p P (T +D+ P)
~ 26720542 _ 6720'512
P, = o gp| Ly R
0t (F+ D+ P) vt (74 D+ P)
- Na. @ -
~(F+D+P) %=+ S (5.58)
Equation ([&Z0) gives the following condition:
2 &z Qp | Xpp CQp 1 Qp| Y Y
- z - zz z - - - - —— = 2 - 2_ - = 2 z
2 ~2,.2 | ~2 &2
12wp° + @ S,
+2% -6 (%) L e ¢ =0. (5.59)
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The equation for the evolution of & (&), yields:
- - - Lo - -
(=@ +30.0,)a— 0 0, + ; [(B30,0. , — @, p) 0 — Wpex ]

22 4+ 6a {@ Ve
p

while the constraint equation for w4 gives:
300, + p2@,.p — iy, + 16mSse” = 0. (5.61)

The Hamiltonian constraint,

8

1 4
¥ {pr + ..+ ;w,p + Y0+ Y0, +2 (U7p)2 +2 (U,z)2 + ;qp +20... 420,

7 ﬁ) ~2 | 2~
+167T(T+ +wp+pwz
1/}2 264‘71/)8

and the slicing condition,

=0, (5.62)
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—471'2/]2

(P02 +@2) =0 (5.63)

must also be satisfied. Equations (X AB63) are the equations of general relativistic, hydrostatic
equilibrium for a rotating perfect fluid.

Following Stergioulas [91], we introduce a new function w(p, z) such that &, = (s?,w,0,0). We
note that since our coordinates are adapted to the timelike and axial Killing vector fields, this
function has an invariant geometric meaning. Specifically, if n is the timelike Killing vector field,

then we have
Eun" =& = w(p, 2), (5.64)

where w is a spacetime scalar. Moreover since & = g;4—again by our choice of coordinates—w(p, z)
is, asymptotically, proportional to the angular momentum of the spacetime.

In terms of this new function we can then write the spatial components of the twist vector as

2 3/2 2,0 2,0 R
5, = —= (w c ) _ Y [4w¢’ —|—2w0)z—w7z], (5.65)
pa \ Vw ), ¥
2 3/2 2,0 Np2eC
o, = (e 20 0Py B (5.66)
pla \ Vw ), pPa |p (8 T2

These expressions for the twist vector components automatically satisfy equation (2G). They also
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yield an elliptic equation for w that can be derived from (BE&1):
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Defining w = up, where u is yet another function that satisfies lim,_.o u(p, z) = pui(z) + O(p?), we
get
U (awzeo) (pu) (awzeg) z 2 2
Upp + U2z + (;) ) _ e I ; e R U, — 2 {o,pp +0..+(0,)" 4+ (02) } U
1 u+2 [ +a ]u+2a”’u 4 pp + o0 + 20 + 29 ]u Sw”’u
——0 20,2 00,0l — NN s \2Z 00, 202 7 —O0———
Pl , p%.pl a p PP pO.p " b p
u u 2 2 O[g¢
FA 0y + P ars] —— — 4 [ b))%+ (0. } ~1622¢ — 0. 5.68

We now have a complete set of equilibrium equations. Naively, we might think that if we provide
the form of the angular momentum function §¢ we could integrate equations (B57), (B5S), (B5),
E52), (E63) and [(6Y), and obtain an equilibrium configuration. In practice, however, not all
functions §¢, would produce a solution. In the next section we investigate the possible forms for

the rotation function.

5.3.1 Integrability Condition

The equations presented in the previous section have an integrability condition. In particular we
have two equations that could be used to compute the pressure—namely (1) and (EES). For our
system of equations to be consistent, it is clear that we must obtain the same result irrespective of
which of the two is used. This condition restricts the allowable functional form of S,. In theory,
we should be able to obtain the appropriate integrability condition, i.e. the condition on 5'¢, by
demanding that the derivative with respect to z of the right hand side of (BhZ) agrees with the
derivative with respect to p of the right hand side of (Zh8). This specific procedure is somewhat
difficult to carry through, and has not proven to be very illuminating. Instead we will follow
Bonazzola et al. [§], but write their results in terms of the variables used in the other sections of
this chapter.

The four velocity for the case of a stationary star can be written as

ut = (u®, W/a,0,0), (5.69)
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where W is defined by equation (BIT) and « is the lapse function.

Starting from

w 2,¢ Se
up = gouut' = §tz + s*u® = WpohW2’ (5.70)
and assuming that £ = w (as was done previously), u® can be expressed in terms of the conservative
variables as follows:
1 S, w
¢ — — ¢ _ 5.71
“ 52<p0hW wa>. (5.71)
Again, following [§], this allows us to define a quantity Q* (not to be confused with Q):
u® 1 asS, 1 oS,
[ e T 5.72
w52 <p0hW2 ‘”> D2te2o (% D+ ]5) w (5.72)
In terms of Q*, equations (1) and ([08) take the compact form
Oy 114 w2s
#P,A = -_dA, A Q" 4. (5.73)
(7+D+P) « W a(7+D+P)

The above expressions can be further simplified by taking into account the following relationship,

YOSW2 1 1 1

(5.74)

(%JF[)JFP) po(l+e)+P  poh  pu+P’

where we have used definitions (E22ZBHE30) and the definition of py introduced in equation (C33).

At least formally, we can define the following functions:

dpP
G et o)
w25s,
F = ——. 5.76
a(F+D+P) 570

This allows us to write (B2Z3)) in the following compact form:
(H+Ina—InW) , = —F Q* 4. (5.77)

It is now easy to see that the demand that the mixed derivative of the left hand side of this
expression give the same answer independently of the order of differentiation can be expressed as

a condition on the variables appearing in the right hand side, namely
FQ, = F 0, =0. (5.78)

In [§] it is argued that the left hand side of (ZZ8) can be viewed as the Jacobian of the transfor-
mation between (p, z) to (F, Q). The fact that the Jacobian is zero then implies that there exists
a function ® that relates F and Q*, i.e. that:

d(F, Q%) =0. (5.79)

In this case two possibilities exist:
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o If & » =0, then ®(Q*) = 0 expresses the constancy of *; this case is called rigid rotation.

o If &  +# 0, then there is a relationship between F and @ that can be written as F = F (Q*);

this case is called differential rotation.

In the case of differential rotation we can calculate the value of 2* in different parts of the star by
fixing the form of F({2*) and then solving
s% (2% + w)

F(O) + =0 5.80
() 0252 — (20* + w)? (5.80)

for *. In both cases (BX0) has a first integral. For the case of rigid rotation we have

H(p,z)+1n (%) (p,2) =k, (5.81)

while for differential rotation the integral is

Q*(p,2)

H(p,z)+1n (%) (p,2) + /Q* F(Q9)dQ* = k. (5.82)

In both instances k is a constant. Finally let us point out that the Newtonian limit (pQ* < 1) of
case (B0) takes the form
F () = —p*Q*, (5.83)

which implies that Q* = Q* (p2)—hence the terminology “differential rotation”.

5.4 Numerics

In this section we briefly describe several aspects of our numerical implementation. We start with a
discussion of the treatment of the geometric equations, follow with a description of the integration
of the hydrodynamic equations, then end with a discussion of issues arising from the coupling of
the two systems of PDEs. To date we have only implemented the case of no rotation and therefore
will restrict attention to the case §¢ = @' = ¢ =0 for the remainder of the thesis. The code has
been implemented using RNPL (Rapid Numerical Prototyping Language) [63] with some specific
routines written in Fortran 77.

The numerical approximation used for the geometric equations is explained in detail in [19] and
[87). Tt is based on second order centred finite difference approximations on a uniform grid in the
(p, z) plane. More specifically the geometry is computed on a grid of points (see Figure Bl denoted
by (pi,2;) where i = 1,2,...,N,,, j = 1,2, .., N, such that p;11 = p; + Ap and 2,41 = z; + Az. Here
Ap and Az constants and p; = 0, pN, = pmax and 21 = Zmin, ZN, = Zmax- In practice, we always

compute with prmax = —Zmin = Zmax, 50 that Az = Ap = h (which implies N, =1 =2(N,—1)). In
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addition we choose a discrete time step At = Ah, where the so-called Courant factor A—which must
generally satisfy A < 1/ /2 for stability of our numerical scheme—is held constant when we vary
the spatial discretization scale, keeping the initial data fixed. Thus, the entire numerical scheme
is characterized by the single discretization scale, h, which facilitates convergence testing of the
results. The fluid is solved using a finite volume approximation which considers finite difference
cells CZI++11//22j+1/2 centred at (p;y1/2,2j41/2)-

As we have discussed in Sec. EZIl when we perform a fully constrained evolution the only
geometric evolution equations are those for o and Q, (F4H) and ([E40) respectively. These are
discretized using a Crank-Nicholson scheme and second order centred differences for the spatial
derivatives as in Chap. We also again apply Kreiss-Oliger style dissipation [52] in order to damp
high frequency components which cannot be properly represented at any given resolution, and which
tend to result in instabilities in the code, especially near the z-axis. When we perform partially
constrained evolution, we update ¢ using (B47) rather than via the Hamiltonian constraint. This
evolution equation is also discretized using a Crank-Nicholson scheme.

Along with the evolution equations, discrete versions of the constraints (E3HEDH) and the
slicing condition () must be solved at each time step. These equations, which we assume are
always elliptic, are discretized using second order centred finite difference approximations of the
spatial derivatives. The resulting discrete systems are solved using an FAS (Full Approximation
Storage) multigrid algorithm [9] to determine the advanced values of the discrete lapse and shift
components, and, in the case of fully constrained evolution, the discrete conformal factor. The
choice of multigrid is motivated by the fact that it is unique among general methods for the
solution of finite-differenced non-linear elliptic systems in being able to produce a solution in O(N)
time, where N is the number of points in the spatial discretization (N = N,N, in our case).

Multigrid algorithms are based on the observation that the decades-old technique of relazation,
while not a very efficient solver of discrete elliptic equations, is often a very efficient smoother of
the equations. In particular, for the purposes of illustration, we consider a (scalar) elliptic problem

written in the form

Lu=f, (5.84)

where L is some elliptic differential operator (possibly nonlinear), u is the continuum solution, and
f is a source function. (Note that u and f are functions of some number of independent variables;
the multigrid technique can be applied in any number of spatial dimensions. Also, although the
treatment of boundary conditions 4s an important issue, we will not consider it here since we

only wish to illustrate the key ideas underlying the method.) We discretize (B4l at some grid
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resolution, h, as

Lhuh = fh (5.85)

Here, L" is the discrete (difference) operator that approximates L, while " and f" are the discrete
solution and source, respectively. We note that at a given resolution, (8H) will comprise N
algebraic equations, where N is the number of grid points, and that we will generally be able to
naturally associate one unknown (component of u”) and one equation with any given grid point.
We now consider the specific case of Gauss-Seidel relaxation, which, as with all relaxation
algorithms, proceeds iteratively. Each iteration, or relaxation sweep, consists of a visit to each grid
point (in some prescribed order), where the value of the discrete unknown associated with that
point is modified so that, instantaneously, its equation is satisfied. Denote by @" the approximate

solution of (BRH) at any stage of the iteration (so that, assuming that the relaxation converges,

@" — " in the limit of an infinite number of sweeps). Then we define the residual, #* by
it = Lhah — (5.86)
and the solution error é" by
e =ah — . (5.87)

By the observation noted above, (Gauss-Seidel) relaxation is generally not very efficient at anni-
hilating 7 and é", but it is effective at smoothing (i.e. annihilating high frequency components)
those quantities. This brings us to another key ingredient of multigrid algorithms—from which
their name derives—and that is the use of a sequence of ever-coarser grids that are employed to
accelerate the solution process.

In particular, once the residual (80]) has been sufficiently smoothed (this generally requires
only a few sweeps, typically 2-4), we can sensibly transfer the discrete problem to a coarser grid,
which, from considerations of optimal efficiency, as well as programming convenience, is almost

always characterized by a discretization scale 2h. Specifically, on the coarse grid we pose the

problem
Lt = 2y (5.88)
where 72" is computed from
= Aol — ool (5.89)

and [ ,%h is a so-called restriction operator that transfers a fine grid function to the coarse grid. It
can be shown that %ﬁh is an estimate of the truncation error, T}%h, of the solution of the coarse grid
discrete system L2"u2?h = 2" relative to the fine grid problem (E8H). T}%h has the property that
the solution, #2", of

LQhﬁQh — f2h + Tsh , (590)
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is precisely the solution of the fine grid problem (BRH), transferred to the coarse grid, i.e.

W = 2l (5.91)

Thus, 72" (and thus also the approximation 72") corrects the right hand side of a coarse grid

problem, allowing—in principle—solutions with fine grid accuracy to be computed on the coarse
grid.

The coarse problem (E88) is significantly less costly to solve than the original fine grid equa-
tions (283), since in d dimensions it involves N/2¢ unknowns. More importantly, however, we can
apply the above strategy recursively. That is, we perform relaxation sweeps of (EBH) until the
corresponding residuals and solution errors are smooth, then transfer to a grid with resolution 4h
etc., until we eventually are using a grid that has so few points, that actually solving the discrete
equations is very cheap, even if we use a direct method (i.e. simultaneous solution of all of the
algebraic equations) rather than relaxation.

Once the coarsest-level problem is solved, we begin to work our way back to the fine grid,
via a sequence of coarse-to-fine grid transfers. In particular, having (approximately) solved a 2h

h

problem, yielding @2", we update the finer-grid unknown, @ using

a" =1}, (@*" — Iphah) (5.92)

where I}, is a so-called prolongation operator that transfers coarse grid functions to a fine grid.
After each of these updates, we again apply a few relaxation sweeps to (E8H) in order to kill any
high frequency components produced by the prolongation operation. Once we are back on the fine
grid, we will have completed what is known as a V-cycle, and will generally find that the norm
of the residuals and solution errors will have been reduced by some constant factor. Additional
V-cycles can then be applied as needed in order to drive the residual below some convergence
threshold.

This completes the description of the basic operation of a multigrid method. The particular
choice of restriction and propagation operators, and some other specifics of the algorithm used in
the axisymmetric code are explained in [19],|87].

We now move on to the hydrodynamic equations, (BA8HRAM), which are integrated via a finite

volume approximation similar to the one described in Chap. Bl Note that these equations are of

the type:
9] 10 0
— (e - FP)+ — (ae F*) = S. 5.93
57 (€7p) 5+~ 2 (ape ) 4 o (e FY) (593)
In order to derive a finite volume approximation, the equations are integrated over a control volume
n+1/2 n an . .
defined by C’l.J:rl//QJ.Jrl/2 = (", ") x (pi, pi+1) X (24, 2j+1), as shown in Fig. Bl
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In solving the hydrodynamical equations, we also decided to implement a generalization of the
HRSC method explained in Sec. With this approach an approximate Riemann problem is
solved at each cell interface to find an expression for the numerical flux. More specifically, the two
fluxes F” and F~* are evaluated via Roe approximations of the type given by expression (EEh4). In
turn, the Roe fluxes depend on the characteristic structure of equations (BASHRAM) as described
in App. The calculation of the fluid quantities at cell boundaries is performed using a one

dimensional minmod reconstruction, also described in

° e ) - | E—— °
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[ J (] [ ] q ) [ ]
z
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Figure 5.1: This figure shows a detail of the projection onto the p-z plane of the finite-volume
(cell-based) grid used in the numerical solution of the coupled Einstein/hydrodynamical
equations in axisymmetry. Note that the fluid variables are computed at points denoted
by (i +1/2,5+ 1/2). The p fluxes are computed at a location (i,j + 1/2), and the z
fluxes at (i+1/2, j). Geometric variables, on the other hand, are computed at locations
labelled with open circles. In order to obtain values of the fluid variables at these last
locations, or to compute values of the geometric variables at the cell centres, second

order (bi-linear) interpolation is used.

As was the case in spherical symmetry, because of our choice of (topologically) cylindrical
coordinates, one of the fluid equations contains a term which is explicitly divergent as p approaches
zero. In particular one contribution to the p flux in (BA0), which governs S,, contains a term

P/p. This term is explicitly canceled, before discretization, by a corresponding term in the source
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of @A0).
Finally, the way in which we perform the update of the coupled Einstein/hydrodynamical

variables to advance the discrete solution from time ¢ to time ¢ + At is as follows.

1. Initialize the values of the geometry and the fluid at t+ At (advanced values) to the previously

computed values at time ¢ (retarded values).

2. Improve the estimate of the advanced geometric variables governed by evolution equations

by performing a Crank-Nicholson iteration.

3. Improve the estimate of the advanced constrained geometric variables by performing a multi-

grid V-cycle on the system of constraint equations.

4. Improve the advanced fluid quantities, ¢"*"', using a two step method analogous to that

described in Sec.

5. Repeat steps 2-4 until the the norm of the change in g"*!, the norm of the residual of the
constraints, and the norm of the residuals of the Crank-Nicholson iteration are below some

tolerance.

5.5 Results

In order to test the validity of our numerical implementation, we have performed various tests.
Setting all the metric coefficients to be those of Minkowski spacetime—namely a = 1, 4 = 0,
o = 0, v = 1—we have tested the part of the code that solves the hydrodynamic equations.
Specifically, we have verified that the code is able to properly evolve discontinuous initial data,
with surfaces of discontinuity defined by p = const., z = const. or p + z = const. We note this
last case (oblique discontinuity) is particularly non-trivial, since our reconstruction to compute the
numerical fluxes is one-dimensional at each stage (i.e. at each time step reconstruction is performed
along lines of constant p and constant z independently).

In addition, convergence tests of smooth initial data have shown second order convergence (see
Fig. B2), in regions of the computational domain removed from the extrema of the fluid variables.
Due to the specifics of the reconstruction procedure explained in Sec. EE3l the code is, as expected,
only first order accurate in the vicinity of local extrema of the solution.

Still restricting to the case of flat spacetime, we have been able to evolve more complicated
situations. One interesting scenario is the onset of a Kelvin-Helmholtz instability (Figs. and
Bl). This type of instability occurs at a tangential discontinuity between two different states of
a fluid (or two different fluids) which are sliding parallel to the discontinuity [54]. An example
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Figure 5.2: Here we show f5 norms of the estimated solution errors computed at two different
levels of discretizations (mesh spacings hg = 10/96 and hy = hy/2 = 10/128). Time
development of the estimated errors is shown for the pressure, ]51-+1 /2 j+1/2, on the left,
and for the conformal factor, v;;, on the right. The solution errors (at each level of
discretization) are themselves computed via subtraction of values calculated using two
discretization levels, i.e. as fr — fr+1, & = 0,1, where fi is the solution computed
on a grid with cell spacing hy, and hry1 = hi/2. For a second order scheme, these
differences should be quadratic in the mesh spacing, h, as h — 0, so that when we
reduce the grid spacing by 2, the differences should decrease by roughly a factor of
4. Thus, we multiply the ¢5 norm of the finer-grid error estimate by 4 to show more
explicitly that our code is second order convergent. We note that the results plotted here
came from the evolutions described in more detail in Fig. and accompanying text.
We also note that at t ~ 3 the pressure becomes discontinuous and we can no longer
expect ]51-+1 /2 j+1/2 to be second order convergent. On the other hand, the conformal
factor ostensibly remains second-order convergent throughout the evolution (only the
early stages are depicted here), which is a manifestation of the facts that: (a) the
constraint equation, being elliptic, tends to smooth discontinuities in its sources; and
(b) (related) the gravitational field (particularly the spherical or monopole piece) tends
to be responsive to extended, rather than localized, distributions of matter/energy.
However, in principle, if we could go to the A — 0 limit, we would necessarily find that
the conformal factor would only be twice differentiable at the locations of shocks, and

hence we would observe “loss of convergence” in the geometric variables as well.
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of this effect is the generation of waves on the surface of a body of water due to the wind. In
our case we have simulated the contact discontinuity (meaning that the pressure remains constant
across the discontinuity) of two coaxial cylinders of fluid. The fluid in the inner cylinder is initially
at rest with constant density Dy, while the fluid in the inner cylinder is initially moving with a
uniform velocity in the z direction—parallel to the discontinuity—and has a constant density Do,
with Do < D;. (We have not simulated any situations where any of the fluid is rotating about the
symmetry axis). In order to excite the instability, we deform the initial contact discontinuity, so
that it has a small amount of curvature along the z-axis. Fig. shows a schematic of the initial
setup.

Fig. B4 shows snapshots, from simulations using the same initial data, but two different reso-
lutions, during the evolution of the instability. For the specific case shown here, the initial speed
of the fluid is v = 1/2. The initial data has been specified using a polytropic equation of state
P = Kpo' (like the one used in EEZ2), with T' = 3/2 throughout the fluid, but with distinct values
of K chosen for the two cylinders. The initial values of D in the inner and outer cylinders are
D; = 1.0 and Do = 0.115 respectively. The limits of the computational domain are pmax = 20,
Zmin = —Zmax = —10, and the two discretizations used to generate the results shown in Fig. B4l
are Ap = Az = 20/256 (top figure) and Ap = Az = 20/512 (bottom figure) (for these particular
simulation we have not adopted the usual choice pmax = Zmax, explained in Sec. E4) Full MPEG
animations of this simulation can be viewed at [109].

In the continuum limit, the fluid should become totally turbulent due to the lack of viscosity
in our hydrodynamical equations of motion. In practice, there is effective numerical viscosity, due
to the fact that the equations are always solved using a finite mesh spacing, but also since, as we
have seen in the spherically symmetric calculations, the Roe numerical flux adds dissipation. We
find, however, that as the discretization scale h is reduced, our simulations always tend to develop
features all of the way down to the particular mesh size being used.

We have also performed some evolutions of the hydrodynamic equations fully coupled to gravity.
Figs. and B0l show results from the evolution of a weakly self-gravitating pulse of fluid. The

initial conditions in this case are time symmetric with initial distributions of D and 7 given by
D(0,p,2) = Ap exp{— [(p—3)2+22}}, (5.94)

7(0,p,2) = Arexp {— [(p -37 + 22] } ) (5.95)

with Ap = 1.0 x 1072 and A, = 1.0 x 1072. This implies that the initial fluid distribution is
toroidal in shape. For the runs described below, the computational domain had pp.x = 10.0,
Zmax = —Zmin = 10.0, N, = 96, N, = 192, and we used an adiabatic index I' = 3/2. The

initial maximum value of the pressure is Py = 497 x 1073. In Fig. BE0 we can see that the
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Figure 5.3: Geometry of the system used to study the Kelvin-Helmholtz instability. Initially, the
system state describes two constant-density coaxial fluid cylinders, separated by a con-
tact discontinuity. The inner, more dense cylinder (with D = Dy) of fluid starts at rest
in the lab frame, while the outer, less dense cylinder (with D = Dg) has a uniform
velocity in the z-direction v (along the axis of symmetry). Although not shown in this
schematic, in order to trigger the instability the initial discontinuity is perturbed, and
is thus not everywhere parallel to the z-axis (or, therefore, to the velocity of the fluid

in the outer cylinder).
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t=31.25 200 x 257
[0,20], [-10,10]

[0,20], [-10,10]

Figure 5.4: This figure shows ¢ = const. snapshots (zooming in close to the surface of discontinuity)
from simulations of the Kelvin-Helmholtz instability discussed in the text, starting from
the same initial conditions, but using two different resolutions: h = Ar = Az = 20/256
(top) and h = Ar = Az = 20/512 (bottom). Variations in the grey scale highlight
regions with different values of D (white to black, low to high density). We can see
how the dynamics is highly dependent on the cell spacing, h, which, among other things,

sets the amount of numerical viscosity in the discrete equations.
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pulse immediately begins to disperse due to hydrostatic pressure. A rough estimation of the
force density due to hydrostatic pressure gives Py /6 ~ 5 x 1073 where § = 1 is the width of the
pulse given by (B34 and (E3H). On the other hand the gravitational force can be estimated by
MPy/((T' = 1)p?) ~ 8 x 10~* where the mass M is approximated using the spherical symmetric
formula M = 2(1pg — 1), p ~ 3 is the position of the centre of the pulse and ¢y ~ 1.1 is the initial
maximum of the conformal factor shown in Fig. B8l This calculation shows that the force due to
hydrostatic pressure is about an order of magnitude more important than the gravitational force
at the initial time.

The ingoing part of the fluid then propagates towards the axis and produces a shock wave— all
the variables describing the fluid become discontinuous—that subsequently propagates outwards.
For these initial conditions the fluid eventually completely disperses. Fig. Bl shows the evolution of
the conformal factor from the same simulation. Note that the self-gravitation of the fluid remains
very small throughout the evolution; for example, max; , . 1¥(t, p,z) ~ 1.1, which is close to the
Minkowskian value, ¢ = 1.0, and which is attained at ¢t = 0.

In Fig. B we show another time-symmetric simulation, with initial profiles for D and 7 again
given by (EXH) and (B0H), but this time with Ap = 5.0 x 1072 and A, =5 x 1072, i.e. with initial
amplitudes for the dynamical variables that are 5 times larger than for the weak field simulation
just described (max, . P(0,p,z) = 2.5 x 1072).

Compared to the weak-field case, the evolution is now quite different. The first thing to notice
is that, with respect to coordinate time, the fluid evolution unfolds more slowly. This is probably
at least partly a coordinate effect, due to the spatio-temporal variation of the lapse function. For
example, the minimum value of the lapse at the initial time is min, , (0, p,2) ~ 0.8 while at
the end of the evolution we have min, , a(0, p,z) =~ 0.3. The second thing that is apparent from
Fig. B is the fact that the fluid pulse does not spread out due to its pressure in this case. Rather,
the fluid is apparently compressed—producing a more compact configuration—and we believe that
this is a direct consequence of the self-gravitational interaction. At late stages in the evolution,
this concentrated configuration moves closer to the axis, again, probably due to gravitational self-
interaction. Shortly after the time shown in the final frame of the figure, the solver for the primitive
variables fails (produces unphysical values) and the evolution cannot proceed.

At the current time, the code is prone to numerical instabilities, tending to produce unphysical
negative pressures and speeds > 1 in many situations. We believe that at least some of these
problems are due to inadequate grid resolution. The maximum resolution that we can obtain is
currently constrained by the memory size of the computers on which we run the simulations, as well
as on the position of the outer boundaries of the computational domain. In particular, since the

boundary conditions explained in Sec. are only valid for large values of r ~ \/p? + 22, if we do
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t=0.00 t=2.50 t="5.42

Figure 5.5: Time evolution of a weakly self-gravitating pulse of perfect fluid. Here, the initial
conditions are time symmetric (i.e. zero initial velocity), with initial profiles for D
and 7 given by (B04)-(ETH). The computational domain extends from pmin = 0 to
Pmax = 10 and from 2y, = —10 to zmax = 10. The figure shows the time development
of the pressure P(t,p, z) (z axis roughly horizontal in the plots) which has an initial
maximum amplitude Py = 4.97 x 1073, The evolution shows how the pulse initially
spreads out due to pressure forces. At ¢ = 5.0, the ingoing part of the pulse reaches
the axis of symmetry and subsequently “self-reflects”, producing a shock that marches

outwards, and which is most clearly visible in the ¢ = 14.17 and ¢ = 17.08 frames.
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t= 0.00 t=2.50 t=5.42
t=8.33 t=11.25 t=14.17
t=17.08 t = 20.00 t=22.92

iy A 4w

Figure 5.6: This figure shows the time evolution of the conformal factor (¢, p, z) for the weakly
self-gravitating pulse described in the text (see also Fig. BH). The maximal value,
maxy , » Y(t, p, z), is about 1.1 and occurs at the initial time. Note that towards the
end of the evolution, when the fluid is dispersing to large distances, the conformal

factor tends to its Minkowski value, ¢ = 1.0.
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not set the boundaries at large enough distances, we can also get unphysical results. For example

the conformal factor, ¥(r,t) may actually start growing, rather than falling off, as r — 7yax.

t=0.0 t=6.3 t=8.3
t=31.3

Figure 5.7: Evolution of a strongly self-gravitating pulse of fluid. Initial conditions are the same
as that for the evolution showed in Figs. 20 and .0 but with amplitude parameters
Ap and A, two orders of magnitude larger than in the weak-field case. Note that the
vertical scale here is very different from that of Fig. BB in particular, in this case,
max,, . P(0,p,2) = 2.5 x 1072 We can see how the pressure evolution in this case is
very different than that in the weak field simulation. Here the dynamics is apparently
dominated by gravity. Instead of dispersing due to its pressure, the fluid compresses as
a result of its self-gravity. At later times the torus of fluid collapses towards the axis,

and shortly thereafter the calculation of the primitive variables produces unphysical

results, and the simulation must be stopped.

Despite our concerns about inadequate resolution, and the memory limitations we encounter at
the current time when trying to compute at higher resolutions, we wish to stress that, ultimately,
additional memory alone is very unlikely to solve the problems we face. For example, one specific
long-term goal of this research is to study the critical gravitational collapse of perfect fluids in
axisymmetry, including the case of rotating fluids. As explained in Sec. [CZ In the corresponding
spherically symmetric problem it was found that for certain choices of initial data families, the
critical solutions are self-similar (see Evans and Coleman [29] and Neilsen and Choptuik for the

study of the collapse of ultrarelativistic fluids, Hawke [46] for the collapse of the same type of
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fluids in cosmological settings, and Noble [[79] for the critical study of the collapse of perfect fluids
and, in particular, critical behavior associated with TOV solutions). This strongly suggests that,
in the axisymmetric case, evolution of similar types of initial data will also generate structures
on all scales, accompanied by the development of large gradients in the dynamical variables. The
only plausible way of attacking this problem in a computationally efficient manner is through the
development of some sort of mesh refinement strategy to enable resolution to (locally) increase or
decrease as necessary.

To that end, we have begun the development of a spherical symmetric code that refines the
mesh adaptively as required. We are considering different possibilities for the mesh refinement cri-
terion. One possibility is to use a Richardson-type estimate (i.e. calculating differences of solutions
computed at resolutions hy and kxy1 = hyi/2 as in the convergence tests discussed previously)
for the truncation (solution) error; when this estimate exceeds a specified threshold we refine the
mesh. This procedure has been used successfully by Hawke [46], in his study of relativistic fluids,
and by LeVeque in [59]. On the other hand, due to the non-analyticity of the solutions (and the
general non-smoothness of solutions computed using the HRSC methods employed in this thesis)
these estimates are not very accurate and tend to be numerically irregular. This has motivated us
to consider the correction to the numerical flux given by equation (EEhf) as a measure of the need

for refinement. Specifically when the following function:

1
B Z Aalwama (5.96)

(the different quantities in the above expression are defined in Chap. H) goes above threshold, we
refine. Our current implementation uses a global time step, At, on all levels, fixed by the finest
level of spatial refinement: At = AArgnest.- The global time-stepping procedure simplifies the
treatment of internal boundaries between grids with different mesh spacings, relative to methods
such as that proposed by Berger and Collela [f]. We also point out that we have found the use of
ENO (Essentially Non Oscillatory) [17] interpolation crucial in our initialization of (new) fine grid
values from coarse grid values.

We also plan to implement one or more approximations to the numerical flux, other than the
Roe approximation described above. We are especially interested in seeing whether the use of
an alternate solver helps with some of the strong-field problems that we have encountered in our
collapse calculations. In particular, we are considering the use of the Marquina approximation [22]
which has been compared with the Roe solver by Hawke [41]; Hawke found that the Marquina
method almost always performed better than the Roe one. Another place for improvement is the
reconstruction of the conservative variables at the cell interfaces, where we plan to implement

interpolations other than minmod.
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Finally, we have also tried to implement a finite-difference based algorithm to solve the equilib-
rium equations for rotating configurations, Sec. Our first approach involved the use of multigrid
methods of the type described in Sec. B4l However, because of our inability to set proper regular-
ity conditions on the axis, this approach has not been successful. The fact that most of the codes
developed to date to find rotating equilibrium configurations are based on some kind of pseudo-
spectral method (see [97] and references within) has inspired us to adopt such a approach. With
a spectral technique, regularity conditions can be satisfied by choosing a set of basis (expansion)
functions with the appropriate regularity behavior. We plan on developing such an algorithm in

the near future.
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Chapter 6

Conclusions and Directions for

Future Research

In this thesis we have considered three different problems in numerical relativity. In these projects
we have studied self-gravitating dynamics of three distinct types of matter and/or energy: scalar
fields; vacuum gravitational energy; and perfect fluids. In two of the chapters, namely Chap.
and Bl we studied systems of equations that, due to our restriction to spherical symmetry, were
effectively 2-dimensional, i.e. where the dynamic variables depended on 1 spatial dimension as well
as time. In Chap. Bland B on the other hand, the problems were effectively 3-dimensional, with
variables dependent on 2 spatial dimensions and time.

We also made use of 2 different formalisms that cast Einstein field equations in a form suitable
for treatment as a Cauchy problem: the so called 3+1 approach and the 2+1+1 formalism.

In terms of the numerical analysis, we employed a variety of discretization techniques and
solution algorithms in our studies. These included standard centred finite-difference approaches for
PDEs of evolution type (scalar and gravitational fields), Godunov/finite-volume/HRSC techniques
for the hydrodynamical evolution equations, and multigrid algorithms for the solution of discretized
elliptic equations arising from the Einstein constraints.

In the remainder of this chapter we summarize our main conclusions. Firstly, in Sec. Bl we
summarize the results of the collapse of scalar field with a particular potential, as described in
Chap. A summary of results from the evolution of a 5-D black string, which we discussed in
Chap. B follows. Finally we conclude with some of our findings in relativistic hydro.

As a continuation of this thesis we plan to continue our numerical studies of the strong field
regime in the coupled Einstein equations/hydrodynamical equations. Specifically we plan to incor-

porate adaptive mesh refinement into our axisymmetric code.
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6.1 Scalar Field Collapse with Angular Momentum

In Chap. Bl we studied the critical collapse of a scalar field in spherical symmetry. In this collab-
orative effort [23], the equations of motion for a massless scalar field included a term that was
characterized by an angular momentum parameter, [, and that could be viewed as providing an
angular momentum barrier. The additional term is analogous to the angular momentum barrier in
the 1-dimensional reduced mechanics problem of a particle moving in a central potential.

Following [[17], we studied the threshold of black hole formation in our model through parame-
terization of the initial data with a single parameter, p. We found evidence for an entire family of
critical solutions—one for each value of [—and, as was the case for the original study [[11] (equiva-
lent to the case [ = 0), the threshold solutions were found to be discretely self-similar. The critical
solutions were thus characterized by two different exponents: (1) A;, which is the so-called echoing
exponent, and which is actually a period when the solution is expressed in coordinates adapted to
the scale-symmetry (self-similarity); and (2) a scaling exponent, v;, that describes how dimension-
ful quantities, such as the black hole mass, scale with parameter-space distance from criticality,
(p — p*), as p — p*. We found that both exponents decreased with [ in an almost exponential
manner.

Moreover, we found that as [ was increased, the time that a solution remained close to criticality
(for fixed (p — p*)/p*) grew, and that the critical solutions appeared to approach periodic configu-
rations. We believe that this fact can be understood as the angular momentum barrier having, at

least partially, a stabilizing effect against gravitational collapse.

6.2 Instability of a Black String

Chap. Bl described a study of the dynamical instability of a particular 5-dimensional relative of
the usual 4-dimensional Schwarzschild solution, namely the black string originally due to Myers
and Perry [73]. This was another collaborative effort [18], and in order to study the instability we
developed an effective 2+1 dimensional numerical relativity code to evolve the vacuum Einstein
equations.

The exposition in Chap. Bl focused on our numerical procedure to solve the constraint equations
at the initial time, and on our implementation of an algorithm to approximately locate event
horizons via “backwards evolution” of null rays, using the full results from the numerical simulations
of the spacetimes.

The results of our calculations were shown to agree with the predictions from perturbation

theory due to Gregory and Laflamme [34]. In addition, we used our code to evolve perturbed
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black-string spacetimes well beyond the linear regime where perturbation theory is valid. In the
non-linear regime, we found evidence that the perturbed spacetime evolves to a configuration that
resembles a series of black holes connected by a black string with radius smaller than the progenitor
string. Due to the development of a coordinate pathology, our code failed at late times, and we were
thus unable to make any statement about the ultimate fate of unstable black strings, particularly
since at the time the code crashes, the spacetimes were still highly dynamical. We also observed
that, at least for the spacetimes considered, our approximations for the location of the event horizon

at any instant of time agreed well with the locations of apparent horizons.

6.3 Relativistic Hydrodynamics

In the final two chapters of this thesis, Chaps. Bl and B, we described the development of codes to
simulate, respectively, spherically symmetric, and axially symmetric, general relativistic hydrody-
namics.

The spherically symmetric code was based on a 34+1 decomposition of the Einstein equations
and used coordinates which are the natural restriction to spherical symmetry of the coordinates
used in the axisymmetric simulations. This allowed us to experiment with formalisms and numer-
ical methods in a simpler setting than that provided by the axisymmetric case. In order to evolve
the hydrodynamic quantities, a numerical technique tailored to treat discontinuities stably and
cleanly—namely a so-called high resolution shock capturing method—was implemented. Develop-
ment of the code also led to the identification of a new set of conservative variables, whose use was
crucial in making the solution of the Hamiltonian constraint in the model a well-posed problem.
In addition, we observed that—at least at the resolutions used in our simulations—our algorithm
was too dissipative to obtain long term evolution of stationary (TOV) solutions.

Chap. B considered the case of axisymmetric hydrodynamics. The equations of motion for
the fluid and the geometry were written using the 2+1+1 formalism [34]. In addition, the fluid
equations were expressed in conservation law form, which again permitted the use of high resolution
shock capturing methods. We showed that our code converged (at least for the weak evolution
shown in Fig. B) as a function of mesh resolution as expected, and that it could stably evolve
various configurations of discontinuous initial data. On the other hand, we found that the code was
too unstable to permit study of the very strong-field regime, typified, for example, by configurations
close to black hole formation. Additionally, as in the spherical case, we found that the algorithm
used for the hydrodynamics was too dissipative to permit stable evolution of stars for long times.

In order to solve some of these problems we have started implementing a code which adaptively

refines the numerical grid of points on the locations where it is required. Some early experiments
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in spherical symmetry indicate that this is a promising approach.
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Appendix A

Hydrodynamic equations in

conservation form

The general relativistic hydrodynamic equations can be cast in conservation law form. This fact
was first fully exploited in the work of Martiand Muller [6€] (also see [3(] for a review), who
developed what is now known as the Valencia formulation. Here we explicitly show the details of

the calculation that puts the fluid equations into such a form. Specifically, our goal is to show that

([C30) and [C37) can be written as

0Q; OF;
i

ot "o (A1)

where the S; do not contain any derivatives of the fluid variables.
We begin with ([C36])
(T*,)., =0, (A.2)

o
and then perform the following manipulations:
(g‘s’/TWs);u = TH595VW + g(;VTN(;;M
1
-9
[ 1
-9

= o (V=gT™) , + F%T’M]

J

= o (V=99°°T"¢) , + F‘;MT“A}

ﬁ

[ 1

— £6 Iz &0 7 ) s

9su |9°°  THe + g v—gT + I \T } =0. A3
7o £ = ( E)_# b (A3)

In the above, we have used equation (4.7.9) of [110] to go from the first to the second line and the

Leibniz rule elsewhere. Also note that g is the determinant of the metric g,,,. Expression ([AZ3)

can be written as:
1
vV—g

This set of equations is thus in the form ([A]) since the stress tensor for a perfect fluid does not

(\/ _gT#l/)# = g)\l/,,uT'uU - FJ;L)\T#AQJU- (A4)

contain any derivatives of the fluid variables. The equation of particle number conservation ([L31)
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is even simpler to massage into conservation form. Indeed
1 _
(J*),., =0, (A.5)
can be written as
1
(\/—_gJ“)# =0, (A.6)

V=9

using equation (4.7.7) of [110], and this is also of the desired form.
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Appendix B

Scalar fields considered in the [=1

case

For illustrative purposes, in this Appendix we explicitly display the scalar fields ¥}"(¢,, 6, ¢) that
are considered in the calculations described in Chap. Bl for the specific case [ = 1. Note that we
want to consider real eigenfunctions of the L? operator. Moreover, all of the fields U7 are required
to have the same functional dependence on ¢t and r, which we denote ¥(¢,7). We then have the

following 3 fields:
3
W= 9t r)YR0,0) = ity o cos (0), (B.1)

W o %wm Vi(6,6) + Y (6, 0)] —ww)@ sin (6) sin (9). (B.2)

wo— %wm Y(0,6) — ¥i(6,9)] —ww)@ sin (6) cos (6) (B.3)

where Y*(6, ¢) denotes the usual spherical harmonic of degree I and order s. The equations of

motion for ¢(t,r) can then be derived by taking the divergence of the stress-energy tensor ’Ta(;:l)
which in this case is:

T ) =Ty + T+ 17 (B4)
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where each of the Té;m) is computed using equation ([Z3)). Specifically, we have

3 o [(II% + &%) cos()? 92 sin(h)?

(1 _
Ty = 8_7Ta > + 2 , (B.5)
(11) 3 oIl® cos()?
T = i . B.
o 47 a ’ (B.6)
11 3 ally cos(8) sin(0)
T = -1 p : (B.7)
Tt(f) = 0 (B.8)
3 ¥?a? sin(6)?
(1) _ 2 2 2 2 _
Ty = [(H +®%) cos(0)* - ———— |, (B.9)
3 .

TG = ~ 1 Q¥ cos(9) sin(6), (B.10)

T = 0, (B.11)
3 112 — ®2) 72 cos(h)? ]

Ty = 3r ( c)L? —?sin(0)?] , (B.12)

Ty = 0, (B.13)
3 . I1? — ®?) r? cos(6)? .

T = o sin(6)” ( 32 —¢2sin(0)?] . (B.14)
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12
T

(2

tr

(12)
Tt@

(12)
T}

T7(12)

r

12
T)y”

(12)
1.,

12
Tyy”

(12)
T

(12)
Ty

3 a2 (—r2H2 + 72112 cos(¢)? — r2®2 + r2®2 cos(p)? + Y2a? — ¥? cos(¢)2a2) cos(6)?

87 a’r?
3 o2 (rI1? — 72112 cos(¢)? + r?®% — r2®2 cos(¢)? + 12 cos(¢)?a?) B.15
87 W22 ; (B.15)

3 oIl (=14 cos(¢)?) @cos()? 3 oIl (—1+ cos(¢)?) @

e . I " , (B.16)
3 ofl (—1 + cos(¢)?) sin(8)1) cos(6)

- ~ , (B.17)
3 allsin(¢)y cos(¢) cos(0)? 3 allsin(p)y cos(e)

i - + o . , (B.18)

3 (=r2®? + r2®% cos(¢)? — r2112 + r?11% cos(¢)? — ¥2a? + 2 cos(¢p)?a?) cos(6)?

87 72

+i r2®)2 — r2®)% cos(¢)? + r211% — r2I12 cos(¢)? — 9? cos(q{))QaQ7 (B.19)
8w r?

%fbw sin(¢)? sin(#) cos(8), (B.20)

%CD sin(¢) sin(0)%cos(¢), (B.21)

_8377 (=% cos(0)? + 1* cos(0)? cos(¢)? + 1b* cos(4)?)

_372 I12 cos(¢p)? sin(#)? — T sin(#)? — @2 cos(¢)? sin(#)? + sin(6)? P2 (B.22)
8w a? ’

%1/)2 sin(¢) cos(6) cos(¢) sin(h), (B.23)
3 (=712 + r?11% cos(¢)? + r2 @2 — r2®? cos(¢)? — ?a® + ¢? cos(¢)?a?) cos(6)*

C8m a?
3 (2r2M2% — 272112 cos(¢)? — 27r2®% 4 21202 cos(¢)? + 1h2a?) cos(6)?

8 a?

3 —1p?cos(9)? (a)? — 2112 + 12112 cos(¢)2 + r2®2 — r2®2 cos(¢)? (B.24)

8T a?
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Tt(t13) _i a2 (—T2H2 cos(9)? — p%a? — r2®2 cos(¢)? + ¥? cos(¢)2a2) sin(6)?
8 ar?
3 a?? cos(0)?
e (B.25)
2 ()2
Tt(rlg) 3 all® cos(¢)” sin(0) 7 (B.26)
4 a
2 .
Tt(elg) 43041‘[005((;5) sin(0)y 005(9)7 (B.27)
T a
3 allsin(¢)y cos(o) .
T, ~in ( 3 @) n(oy2, (B.28)
252 2 202 2172 coa( )2 — ah2 coclb)2 02
709 3 —r*®%cos(¢)” +¢%a” — r°lI” cos(¢)” — p* cos(¢)”a sin(0)?
8 r2
3 1¥2a? cos(0)?
—_——— B.2
8T r2 ’ (B.29)
3 .
Tr(el?’) E@ cos(¢)? sin(#)1) cos(6), (B.30)
713 3@ sin(¢)y cos(¢) cos(h) — 3@ sin(¢)y cos() (B.31)
¢ 47 47 ’
2172 2 2 2.2 _ 252 2 2.2
T(-)(;S) 3 r?1I% cos(¢)” + % cos(¢)?a® — r2@% cos(¢)® — Ya sin(9)?
8 a?
+83w2 cos(0)? (2cos(¢)® — 1), (B.32)
T
T =~y sin(6) cos(9) cos(s) sin(6) (8.33)
Py 1Y sin(@) cos(9) cos(¢) sin(6). .
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Appendix C

Hydrodynamic equations in the

2+1-+1 formalism

In this Appendix we rederive the hydrodynamic equations in the 2+1+41 formalism as originally
performed by Maeda et al [63]. In particular the following derivation includes some steps not
detailed in [63].

We begin by writing the stress-energy tensor in the following way:

W 1 v 1 i v 1 G eV a b 8J A AV
Tt :S—4T§“§ +S—QT§M7i+S_QT§'YIi+TJ'YIi7 Js (C.1)

where we have used the following projections:

T = T8¢, (C.2)
o= ’yi“él’Tﬂy, (C.3)
Tij = V9 T (C.4)

(We note that we adopt a different notation here for the various projections of the stress energy
tensor than that used in Chap. Bl We make a connection between the two notations at the end of

the appendix.) By construction, the projection operator satisfies
" =0. (C.5)
The fluid equations are derived from equations ([L3d) and (C37). We begin with ([36):
T",.,, =0, (C.6)
which can be decomposed in the following way:
&I, = 0o, (C.7)
Yir (T*),, = 0. (C.8)
We then focus on equation ([C),

£ (1), = (€T, = T", (£"),, = 0, (C.9)

3 3
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where the second term on the right hand side is zero since £” satisfies the Killing equations
(€uw + &y = 0), and T, is symmetric. Substituting ([C)) in (C3) and performing some manip-

ulations, we obtain the following expression:
1 Iz LAk _(T iz T (en i NN =0 C.10
S_2T§ ‘#+(T7 l)V'L_ ? 7M§ +S_2(§ );#+(T)|i+T (’y Z);P'_ N ( N )

Here a vertical bar ()|, denotes the covariant derivative D; in the 3 dimensional quotient spacetime,
which is defined by projection of the spacetime covariant derivative, V,, via D; = v#;V,. The
first term of (CIM), which is £¢(7/5?), vanishes since ¢ is Killing. The second term is zero because
it is proportional to the trace of the Killing equations. Thus we have
i i 1 i 7’
() (- S_ggugi)_u = (), - " (€0, =0. (1)

Using the Killing equation once more, we can express the second term as the derivative of s2:

i T 2 Lo
()i + 552 (8%); = 5 (577, =0, (C.12)
We now turn attention to equation (CJ):
Yiv (TH),, = (e T") = T (Yiw ), = 0. (C.13)

Using (CJ)) and the definition of the projection operator (B2), we get the following expression:

L v v j v 51
(8—27']")/ § Yiv §“> + (”yil, iy kTJk)W + THE, <s_2> =0. (C.14)
H Y
Further manipulation gives
1 12 J J H n% 57,
2 ), & () + 7 (0),, + TG 5) =0 (C.15)
i
and combining the second and third terms of the right hand side we find
(), €+ (s770), + T (55) =0 (C.16)
g2V Vip s ar Y\ g2 ” : )

We now consider the first term of this last equation, which, using the definition of 7;, can be written

as

1 1 A o

2 (1:),, & = ) (vhi€ T)\U);M . (C.17)
Expanding the derivative of the product we have

1
) {(7’\1');“ E o€ + 767 W Tro " + 7 (Tao) #5”5‘7} . (C.18)

We now use the fact that the Lie derivative along the Killing vector field of the stress energy tensor

vanishes, i.e.

Ll = §>\ (TMV);)\ + DT (é)\);u + Tox (gA);M =0, (C.19)
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to further manipulate ((C70):

[0, T 4 €), Do — T (69, ~ i T (69),] - (©20)

)

The second and the third terms in the above sum to 0 (as can be seen by relabelling dummy

indexes), and therefore ([CI7) can be written as

1 1 - - 1 (.,
= (1i),, &' = ) {("Y)\i)wf Tro" =18 Tho (5#);4 =3 {5 Tho [(’Y“i);,\ & =y (5#);,\} }
(C.21)
We can now introduce this last result into equation ((C.I6):
1 . y 1 1 &
E (STJZ')U +T" gv 8_2 (’Yﬂi);)\ €>\ - 8_2'7)\1' (5#);A + (8_2) ] =0. (022)
2

The expression in brackets can be further simplified using the definition of the projection operator

E2)

1 _
5 (570 + 16

(628 — 6+ 86 (€t <5_2> ] _0. (C23)
A

Some algebra gives

[V

(s773); + T"&

1 1 i
_S_4§u (fi);) f)\ - 8_2 (fu).i + (§—> ] =0, (0.24)
m

and then using the Killing equations repeatedly, we find

_ (i_g) )t (5_2)#] —0. (C.25)

1 )
S (5770) + T

Using the definition of 7 (C2) we have

[V

(STji) lj + ijg,/

We now use expression A12 from [34]:
1 o B 1 9
V,u.é.l/ = @"}uuaﬁg w” + @g[uvu]s 5 (027)

to simplify the second term of the equation ((C28):

v 5 gz 1 b v o 1 . k
T E, | — (S_g ; + 8_2 . = —5—47' Y Eil/'yg'g’yw = S—BTJEijkw . (0.28)
With this result equation (C28) becomes
1 ; S|4 1 .
g (ST‘]Z')U — T5_3 + S—gT‘]Eijkwk =0. (029)
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This concludes the initial decomposition of equations ({CH) in directions parallel and orthogonal
to £, and using quantities adapted to the projection with respect to the Killing field.
We now proceed to a space-plus-time (2+1) split of equations ([CI2) and [C23). To that end

we introduce another projection operator, H* s
H'j=~'j +n'ng, (C.30)

where n’ is the unit-norm, future-directed, orthogonal vector field to the constant time surfaces
(which, in an abuse of terminology we will refer to as hypersurfaces). The following relations will

be useful in the subsequent derivations:

win = 1, (C.31)
aj = n*(ny), = 0;(a)/a, (C.32)
ni = (—a,0,0), (C.33)
no— (é,_%[), (C.34)

(), = a\;ﬁft (VA) - = (5, (C.35)

Note that « is the lapse function, while 37 is the shift vector. In addition, the double vertical bar

()jjr denotes covariant differentiation in the 2-dimensional spacelike surfaces of our dimensionally
reduced spacetime (i.e. differentiation compatible with the 2-metric Hy ).
We proceed to a decomposition of [(CI2) by first splitting 7¢ into hypersurface-orthogonal and

hypersurface-tangential pieces:

o= J¢’ni+SIHi], (036)
st = HY7. (C.38)

Inserting this decomposition into equation ((CI2) we obtain

(3J¢ni) i i

1 L oarin
B +;(SSH1) =0, (C.39)

and expanding the derivatives of the products, we find

1 i i 1 i
S (8Jp)n' + (n"); + 3 (s87),, + 8" (H'r),, =0. (C.40)

Iz

It is now convenient to define a new vector field, N* = an’. Making use of this definition as well

as ([C31H) we can write (CA0) as

1 ,
— (sJp),; N' + Jo [

as

ﬁi‘t (\/ﬁ) - é (51)1} + é (s87),, + 8" (n'nr),; = 0. (C.41)
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Now, using the fact that t* = N+ 3¢ and n; = (0,0) and regrouping terms, we get the first of our

ﬁft (5\/ﬁJ¢) + als { <Sf ij)] y =0. (C.42)

We now similarly decompose ([C29):

final equations:

1 ; i 1
3 (575)‘_ - SI 3T Tejpw® = 0. (C.43)
j

The hypersurface-orthogonal and hypersurface tangential components of the above are

1 . i 1
nzg (STJZ')U — Tn’S—l +n'=T eukwk =0, (C.44)

o1 . i 1
hl[g (STJZ')U —TH'; l + H'y 37' eiipw” = 0. (C.45)

We begin be manipulating the first term of equation ({C44),

nt -
5 7)) =

[V

(s anJi)lj -7, (nl)U . (C.46)
Using the decomposition
1y =nindpg +nH 7 J7 +nd HipJ' + HIYH1S; 5, (C.47)

where we have made use of the following definitions

PH = nianij, (048)
J7 = —nH7 ;7 (C.49)
Sty = HpHyr", (C.50)

we obtain
1
E[ s (—n'pu — H? ;J- )}I -7, (n )I"

J

(C.51)

After some algebra and the use of ([((C3H) we obtain

Using the following property

(ni)); = —Kij —nj (@), (C.53)

and the fact that n’K,;; = 0 and nfa;; = 0 we find that the first term of equation (C52) can be
written

1 I leY
£y (5\/_pH) [as (JI —pH6—>] + (P + pu) |vIv/K;; —vl%} + PK';.
[T

«

asx/_
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Here, we have made use of the fact that the stress energy tensor under consideration is that for a
perfect fluid. Therefore we have:
Siy = (P+pwole’ + HIP, (C.55)

JI = (P + pu)vl. (C.56)

We now shift attention to the remaining terms of ([(C44]). The second term can be written as

S _ T (C.57)

53 83

where we have defined « via k = —s;;n’. In order to simplify the third term of (CZd)), namely

S%Tjeijkwkniv (C.58)
we use the following definitions:
w' = —n'Qy+ HYQy, (C.59)
Qn = nw', (C.60)
Q = HIipl. (C.61)
Introducing these into ([(CBY) we obtain
S% (Jon? + STHI 1) €50 (—n*Qu + M) nl. (C.62)

Now, by the antisymmetry of €;;, the only term that survives in the above is
L i i prkd i
8_38 H IH QJEijk’rL . (063)

which has only a single factor of n?. We thus have

1 . ) 1 2 2
S—BTjeijkwknl = S—BS]QJEIJ = S—2EIS], = J¢S—2E]UI, (064)

where we have made the following definitions:

eij = nkekij, (065)
1

ET = €Y. C.66
256 7 ( )

- ﬁft (s\/ﬁpH) - é {as <JI - pHﬂ—I)] . (C.67)

«Q 2
+(P+ pn) vIUJKU—Ulﬂ} +PKI[+T%+J¢—2E]’UI=0
o s s
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where J!I = (pg + P)v!, 7 = Jyv?s? + Ps?, E; = ks.
Thus our final equation is:
1 1 1
£y (S\/ﬁpH) + — [as (JI — pHﬁ—ﬂ
asvVH as @/
1,.J 1911
—(P+pH) |:’U v K[J—’U 7i|
P = L)+ 2 (L, + 280" ) =0 (C.68)
=5 2 P\ g27eTe ! o '
We now turn to ([(C4H). Manipulation of its first term yields
Wk (s79)), = & (sHiprd I, (H C.69
]g (ST l)b—;(s IT i)|j_Ti( I)|j' ( . )
Using the decomposition
i =nmnlpy +niH ;J7 +n?Hip P + HYHES k., (C.70)
yields
1 o o 4 .
- [sH'mn! Hige ™ + HY H' 1Sy H™ ], — 773 (H'1) (C.71)

7

Now, using the definition of the projection operator H;;, property (C3H), and the fact that ¢! =

N 4+ 3%, we find, after some algebra, that

Jr
avH

J 1 L
£ (Vh) - o B+ g e (D) = 2 sy 87 =

J. 1 '
o (37 o (080t pan ()4 7 (),

Regrouping terms we have

1 £y (3\/EJ1)—|—i [as (SJI—ﬁ—JL)] —
as It

asvVH a

J ,
EJ (5J)W +pun? (ng); +J7 (1)) -

Now using identity (4.7.6) from [110]:
1

(YJI)HJ = VH

(\/EYJ]) ; _Yy’'K (HK[)”] + HK]PKJLYJL.
expression ([C73)) becomes

1 £t(sx/ﬁJ1)+ 1 [asx/ﬁ<SJ1—%JJ1)] —

asv H asv H T
J

(SJK - 6—JK> {(HKI) J— (2)FIJK} -
a :

Jr

(87),1 + pun () + 7 ()

«

(C.72)

(C.73)

(C.74)

(C.75)
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Expanding the Christoffel symbols, we have

) ot (- 20)]

Vi as

<5JK - %JJK) B (Hik) ;- % (Hry) x + % (HJK),I:| -

2 {(ﬁ‘]),f G HIVGR [(Huxe)  + (Hio) g — (H1o) ] } +

pun? (ng); +J7 (n1)); - (C.76)

Regrouping terms, we have rewritten the first term of equation (CZH) as

1 1 37 1
SN +—[ \/_H<SJ ——J)] ~ % )+
oy (V) o | )],

J

ajr oy B

We now proceed to the last term of ((CZH):

1 .
S—BTbEijkwkHZ]. (078)
Using the decomposition
70 =nd Jy + HI g SK, (C.79)
and
wh = —QunF + Q,H7F (C.80)
we get
L Joers Q) - e usK C.81
TR et = eI (C.81)

Here we have used the fact that HjKHiIHkJeijk = 0 as well as the definition of €¢;;. Now, using

By =1/2Q0y and E; = 1/(2s)e;;Q7 we obtain
1 2 K
—28—2J¢E] - S—3B¢S €IK- (082)
Again using the fact that we have restricted attention to the case where the stress energy is that
of a perfect fluid, we can use S’ = Jyv! which gives
1 2 1%
—S—2J¢ 2F7 + EB¢U €rx | - (C.83)
Collecting all the terms together, i.e. collecting expressions ([(CZ0) and (C83),

asxl/ﬁ£t (S\/EJI) - asl H [aS\/ﬁ (SJ[ - %JJI)]

J
L Pr_ 1 2, K S|I1
pHT + J (TL[)H] - JJ; - §J¢ 2E] + ;Bd;’l} €IK | — TS—S, (084)

1
- SJK§ (Hyk) +
J
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and using the fact that T = Jyvs + Ps? we have

£ (sVHIL) + {QS\/E (S‘]I - %JJI)] - ST (Hy) ;- JJﬁ

1
asvVH

asx/_ 2
«Q 1 2 S s
+9H% +J7 (nr), ;- 27 (2E1 + ngsUKEIK) Jpvg ”I - P% (C.85)
Now, since e;xe’? = —67;, BE = l79ps and J’ (nI)HJ = 0, we find our final expression for
equation ((C4H):
1 £y (S\/EJ[) + ! [aS\/ﬁ (5‘]1 - B_leﬂ
asvVH asvVH o J
1 J
—(pu + P) |:’UJ’UK§ (Hyk) + w%}
2 1
+pH% - —J¢ {213, +erx <EB¢UK - ;BK%H - PSI% = 0. (C.86)

Equations (C42), [C68)) and [CR0) represent the local conservation of energy, angular momen-
tum and linear momentum, respectively. To make connection with the notation used in chapter

we make the identifications

pp = T+D, (C.87)
Jro= Si, (C.88)
Jy = Sy, (C.89)
St = Syvr, (C.90)
Sty = Srvg+ HpgP, (C.91)

where the quantities on the left are the variables defined and used in this appendix, while those on
the right are used in Chap.

Finally, we must rewrite the equation of (local) baryon number conservation,
J* = (pout),, = 0. (C.92)

The above implies

sa\/_ (sa\/_pou“) =0, (C.93)

and then using the variables defined in Chap. Bl we have:

£ (5\/_D) [soz\/_D (v - 6—1)] =0 (C.94)

«

sa\/_ sa\/_

This completes our derivation of the hydrodynamical equations within the 24141 formalism.

)
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Appendix D

Characteristic Structure

The characteristic structure for the Jacobian or velocity matrix ij = 8]?‘;7 /0q" is given by the

following set of eigenvalues:

Ao = avf —p° triply degenerate, (D.1)

Ay = S {vp (1—c2) e/ (1 —v2) [Hre (1 — v2c2) —vPrr (1 — cf)]} - p*, (D.2)

2.2
1 —v%ct

and the corresponding right eigenvectors:

K K\"
rO,l - (vapvvzavqbvl - W) 9 (D?’)
rop = (Wou.,2hW?2v,0., h (V" +2W30.0.) , 2hW 20,08, W, (2B — 1)), (D.4)
rog = (Wug,2hW 30,04, 2hW 20,00, h (s° + 2W30g0,) , Woy (2RW — 1)) , (D.5)
re = (1, hWCE W W v, hW vy, hW AL — 1) . (D.6)
In the above expressions we have made use of the following definitions
R
K = D.7
R—c2’ (D.7)
B o= w/po, (D.8)
ch = v, = Vi, (D.9)
Vi o= (vf—AL)/ (14t —vPAL), (D.10)
AL = (1t =) [ (19t — 0P AL, (D.11)
A = AJa+8/a, (D.12)

where ¢ = 1/h (x + P/p3r), x = OP/0py and k = OP/de. The characteristic structure of the
Jacobian matrix in the z direction, ij = 8]?‘5 /0q" can be easily calculated from the above results

using symmetry arguments, and is explained in [30)].
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