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Abstract

This thesis presents the two astrophysics applications we develop on the code plat-
form EXAHYPE2, along with the technical advancement we achieved during their
implementation.

Our first application focuses on simulating the spherical accretion of collisional
gas, considering both the standard and a specific extension of Dvali-Gabadadze-
Porrati (DGP) gravity. The spherical accretion scenario has significant importance
in cosmology since it captures several crucial aspects of structure formation. While
it has been widely studied in standard gravity, we discover a self-similar solution
under modified gravity for the first time in this scenario. The application successfully
reproduces the theoretical prediction and the self-similarity is observed under both
standard and modified gravity in our simulations. This good agreement confirms
the reliability of our application in modelling astrophysical processes in the spherical
collapse scenario.

Our second application is a complete numerical relativity code designed for astro-
physics scenarios in black hole spacetimes. Numerical relativity is a widely utilized
approach in simulating astrophysics systems in the strong field regions of gravity and

is also used in extracting gravitational wave signals from them. In this thesis, we
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report the theoretical background, detailed code implementations and simulation
tests of our code. The results demonstrate that our code can effectively perform
simulations in the black hole spacetime, and exhibit stable evolutions in the dy-
namics systems, including the rotating binary black hole mergers. Furthermore, we
can properly extract the gravitational wave signal from the domain in our tests.
However, we have also observed some instability affecting the long-term evolution
in our simulations, which has become the focus of our ongoing investigation.

In addition to reporting our astrophysics applications, we introduce the power-
ful partial derivative equations (PDEs) solving engine EXAHYPE2 in this thesis.
This engine offers a relatively flexible code structure, allowing users to implement
simulations according to their specific needs. In this regard, this thesis describes
the kernel computational solvers, the refinement transition strategy, the radiative
boundary condition and the particle module, which are all new features developed
during the implementation of our astrophysics code. These advancements enhance
the overall capability of EXAHYPE2 to address various problems across different

branches of science and engineering in the future.
Supervisors:
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CHAPTER 1

Introduction

1.1 Numerical Simulation in Astrophysics

Over the past three decades, the field of astrophysics has witnessed significant ad-
vancements in research based on numerical simulations. With the aid of increasingly
powerful computer clusters, scientists can now model and explore a wide range of
astrophysics phenomena in a computation domain, from the dynamics of black holes
to the formation of galaxies and stars and the evolution of the universe itself. Those
phenomena are quite complex and often coupled with extreme conditions, such as
high temperature, large velocity and strong gravity, making them challenging to
study solely through direct observation or theoretical analysis. Fortunately, numeri-
cal simulation now offers a third approach to investigating those phenomena, giving
valuable insights into the underlying physics.

Numerical simulation gains its importance for bridging the gap between obser-
vations and theories in astrophysics. On the one hand, theorists can implement
different theoretical models and hypotheses in simulations, especially for those as-
trophysics phenomena that have limited observational data or occur infrequently.

By comparing the theoretical predictions, the simulation results and observation



data, theorists can examine their models directly and gain insights into their be-
haviours. On the other hand, observers can utilize simulation results to estimate
the physical quantities associated with observed data, which sometimes are difficult
or even impossible to obtain through analytical calculations alone. Moreover, when
new theories do not produce directly observable predictions through analytical cal-
culations, predictions by numerical simulations can also guide future observations
and experiments.

There is a vast body of literature work that contributes to the development of the
field of numerical simulations in astrophysics. Due to the very broad scope of this
field Bodenheimer et al., 2006, e.g., it is challenging to review them in this thesis.
Therefore, here we will focus on the two representative scenarios in astrophysics
that we develop applications for: the spherical accretion of gas, and the evolution of
black hole systems. The former is a useful tool to understand how gas evolves in a
spherical system that mimics typical galaxy-forming regions and hence can provide
useful insight into the physics of galaxy formation. The latter is indispensable in
the study of black holes and the gravitational waves emitted by them.

There have been a significant number of open-source numerical simulation codes
for various astrophysics phenomena in the community which have yielded impor-
tant results in the studies of those scenarios. However, there is still an ongoing
need for the development of new codes that offer higher efficiency and accuracy
for more complicated astrophysics processes. By incorporating state-of-the-art algo-
rithms and improved parallelization techniques, new codes can offer the possibility to
perform simulations on more realistic scenarios and address previously inaccessible
regimes. In line with this goal, this thesis reports the brand-new code applications
we developed on the new platform EXAHYPE2, for the two specific astrophysics

scenarios mentioned above, they are described in the next two subsections in detail.

1.1.1 Spherical Accretion in Modified Gravity

Spherical collapse (accretion) is a widely studied phenomenon in cosmology. It de-
scribes the evolution of a spherically symmetric overdense region (see Figure 1.1):
how it decouples from the Hubble flow, turns around, and finally collapses into a
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Figure 1.1: The illustration of the spherical collapse. An overdense region with a
density of p; + d;p; is present in the uniform background with the density of p;. The
gas particles, which follow the expanding Hubble flow initially, will decelerate, turns
around and finally collapses back to the overdense region due the gravity.

singularity or some virialised matter distribution. Despite its simplicity, this sce-
nario is of great importance, as it can describe several crucial aspects of structure
formation of different matter components in our Universe (e.g., collisionless dark
matter and collisional baryonic gas), thus providing valuable insights into the real
and more complicated cosmological process of galaxy formation. Some cosmological
hydrodynamical simulation codes also adopt this scenario as a test of their reliabil-
ity and accuracy(e.g., RAMSES, Teyssier, 2002), because in certain cases analytical
solutions can be found, as I will review later on.

The study of spherical collapse has a long history, with some of the early works
including Gunn and Gott (1972), Fillmore and Goldreich (1984), Ryden and Gunn
(1987), and Subramanian, Cen, and Ostriker (2000). Among them, Bertschinger,
1985 revealed an elegant self-similarity in the solution for a matter-dominated,
Einstein-de Sitter (EdS), universe, for both collisionless and collisional matter. Us-
ing the turnaround radius, r,(t), in the EdS model, the various quantities in the
system of evolution equations can be rescaled, such that all the dependencies on the
spherical radius r and time ¢ are reduced into the dependence on a single variable

A=r/ri.(t). This gives a unique set of solutions of physical quantities, expressed



in terms of A, which can be used to obtain the status of the evolution at arbitrary
(r,t). Spherical collapse is one of the few scenarios where a detailed semi-analytical
solution is known in cosmology.

In the past decades, a lot of effort has been made to incorporate more physical
processes into the spherical collapse model. Based on the original radial collapse of
matter, there are studies that look into the effects of angular momentum (Ryden,
1988; Sikivie, Tkachev, and Wang, 1997; Le Delliou and Henriksen, 2003), dynamical
friction (Antonuccio-Delogu and Colafrancesco, 1994; Popolo, 2009) and shears (Del
Popolo, Pace, and Lima, 2013; Pace, Batista, and Del Popolo, 2014). On the
thermodynamics side, several research also studies the cooling and heating process
during the collapse (Abadi, Bower, and Navarro, 2000; Uchida and Yoshida, 2004;
McCarthy et al., 2007) for a more realistic thermal history of the gas.

Nowadays, studies of cosmological structure formation have entered a highly
advanced stage, with more complicated physical processes added into increasingly
sophisticated hydrodynamical simulations (e,g, Schaye et al., 2015; McCarthy et al.,
2017; Springel et al., 2018), which can realistically reproduce the observed properties
of galaxies clusters; see, e.g., Borgani and Kravtsov (2011), for a review. Compara-
tively, therefore, the role of spherical collapse as a stand-alone simulation experiment
has declined. However, this scenario can still serve as a useful benchmark test to
assess the accuracy and reliability of new simulation codes. This partially explains
why the original spherical collapse model with self-similarity still attracts attention
(e.g., Halle, Colombi, and Peirani, 2019; Alard, 2020). It is also worth noting that
the self-similarity can still hold under some other circumstances, if the physics added
(e.g., the cooling function) follows certain assumptions (Sikivie, Tkachev, and Wang,
1997; Uchida and Yoshida, 2004).

The application we report in this thesis concerns spherical collapse in modified
gravity (MG) models, which are an alternative solution to avoid several problems
of the current concordance ACDM cosmological model. The ACDM model suggests
that the majority of energy density in the Universe contributed by cold dark matter
(CDM), a species of non-baryonic and non-relativistic particles, and dark energy, an

energy component with exotic properties (e.g., negative pressure), in the form of a
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positive cosmological constant A (Amendola and Tsujikawa, 2010), which is needed
to explain the accelerated Hubble expansion. However, the hypothetical A suffers
from long-standing theoretical problems (Weinberg, 1989). Modified gravity models
have therefore been proposed as an attempt to overcome those issues by extending
the standard General Relativity (GR) rather than assuming extra unknown matter
or energy components (e.g., Sotiriou and Faraoni, 2010; Linder, 2010). In recent
years, there has been growing interest in MG models, because constraining them
using various astrophysical and cosmological observations offers a powerful way to
test our theory of gravity.

In this context, there are already various studies which look into the spheri-
cal collapse scenarios in different modified gravity models (e.g., Martino, Stabenau,
and Sheth, 2009; Schmidt, Hu, and Lima, 2010; Li and Efstathiou, 2012; Lom-
briser, Koyama, and Li, 2014; Barreira et al., 2014; Lopes et al., 2018; Contigiani,
Vardanyan, and Silvestri, 2019). However, these studies generally focus on models
that no longer uphold the property of self-similarity. This is not surprising, be-
cause even within GR there are strict conditions which must be satisfied to have
self-similar solutions. For example, the EAS model loses its self-similarity property
once a cosmological constant is added.

In our application, we investigate the spherical collapse scenario for collisional
gas in both the Einstein-de Sitter universe and a slightly modified version of the
Dvali-Gabadadze-Porrati (DGP, Dvali, Gabadadze, and Porrati, 2000) braneworld
model. The latter is a class of MG models that has attracted much attention in the
last two decades, featuring an enhanced strength of the total gravitational force and
the Vainshtein screening mechanism (Vainshtein, 1972), which suppresses deviations
from GR near massive objects to give the model a chance of passing the stringent
Solar System and lab constraints. Despite its complexity, we find that the self-
similarity property can still be achieved in this model under certain conditions that
are not unnatural. Our self-similar solutions in this model will provide insights into
how these mechanisms of modified gravity may affect structure formation in similar,

but more realistic, models where self-similarity no longer happens.



1.1.2  “The Old Holy Grail”: Binary Black Holes Merger

in Numerical Relativity

The second astrophysics application we implement in EXAHYPEZ2 is a numerical
relativity code designed for simulations in black hole spacetimes. It is also specifi-
cally geared towards studying the process of the binary black hole merger and its
gravitational wave signal.

Numerical relativity is essential in simulating black hole mergers, as the con-
sidered objects are located in the strong-field regime of gravity, where approximate
methods such as the Newtonian method are hard to work and analytical solutions
can not be found. Those facts make numerical simulation the only viable approach
to studying this scenario. By recasting the Einstein field equation properly, nu-
merical relativity solves the physics system by treating it as a Cauchy initial value
problem, which one can solve via standard numerical integral schemes. Currently,
there are two leading approaches to cast the Einstein equations, resulting in two
different formulations of the evolving system.

The first evolving system is the generalised-harmonic formalism (Lindblom et
al., 2006; Szildgyi et al., 2007), which adopts a full four-dimensional form of the
field equations with a harmonic coordinate. The principle parts of the systems in
this formulation are wave equations with very clear mathematical properties, and
the damping terms can be used to control the constraint violations (Alic et al.,
2012). However, the generalised-harmonic formalism can not deal with singular-
ities. Therefore excision must be implemented to remove them when using this
formalism in black hole simulations (Boyle et al., 2007). The other main formalism
is based on the 3+1 foliation of spacetime, which splits time and space explicitly
and rewrites the field equations accordingly. The first attempt of this approach was
the Arnowitt-Deser-Misner (ADM) formulation developed in the 1960s (Arnowitt,
Deser, and Misner, 2008). However, it was shown to be only weakly hyperbolic
with the usual gauge choices and therefore is not stable in numerical simulations.
At the end of the last century, a new, strong-hyperbolic, formulation derived from

the ADM equations was published, which is known as BSSNOK, named after the



six researchers who contributed to its proposal (Baumgarte and Shapiro, 1998a;
Shibata and Nakamura, 1995a; Nakamura, Oohara, and Kojima, 1987). This is a
breakthrough that led to the ability to have long-term stable evolutions of black
hole systems. One of the advantages of the 341 foliation approach is that it can
adapt puncture methods (Brandt and Briigmann, 1997) to deal with singularities
without excision, which we will describe in detail in Section 4.1.2. It makes the
implementation of these numerical simulation codes much easier when considering
spacetimes with singularities.

Besides the BSSNOK, several other strongly-hyperbolic formulations have been
proposed in the last twenty years, including the constrained formulation of Bonazzola
et al., 2004, and the so-called Z4 family. The original formulation of Z4 was proposed
by Bona et al., 2003a, which was further developed into formulations of CCZ4 (Alic
et al., 2012) and Z4c (Hilditch et al., 2013). One of the most significant differences of
the Z4 formulation from BSSNOK, which is also its advantage is that it introduces
an auxiliary four-dimensional vector Z to propagate the constraint violations off the
simulation domain, thus further enhancing the stability. Damping terms are also
introduced in the Z4 formulation, inspired by the generalised harmonic formulation.

Studies of binary black hole mergers in numerical relativity have a long history
and the first investigation with numerical consideration can be traced back to the
1980s (Smarr, 1977). Since then, many researchers devoted years of work to this
"holy grail” problem, aiming to simulate this scenario on computers. However, it
was not until the beginning of this century did accurate and long-term simulation of
inspiraling binary black holes became possible (Pretorius, 2005, with an illustration
of its result shown in figure 1.2). This significant advancement in the field was the
result of several breakthroughs during that period, both in techniques and in the
understanding of its physics. On the one hand, better formulations of the evolving
system in numerical relativity were developed, as we mentioned above, enhancing
the accuracy and stability. Strategies on singularities avoidance also got improved
both in the black hole excision (Yo, Baumgarte, and Shapiro, 2002; Alcubierre et
al., 2005) and puncture approach (Briigmann et al., 2008). On the other hand,

more advanced numerical algorithms and better parallelization techniques allow sci-
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t=129 M

Figure 1.2: The illustration of the simulation result of Pretorius, 2005 for a binary
black hole merger. The black regions are the domains excised to avoid singularities.
The lapse function «, which represents the lapse speed of local proper time, is plotted
as colour maps at six different timestamps. The merging black holes are equal-mass
and nonspinning. The figure is cited from Baumgarte and Shapiro, 2010.

entists to implement those complex evolving systems properly in the actual code,
with the support of better and faster supercomputer clusters. As a result of these
breakthroughs, many successful simulations on the binary black hole merger were
reported afterwards (e.g., Scheel et al., 2006; Campanelli, Lousto, and Zlochower,
2006; Baker et al., 2006).

Nowadays, there are a number of open-source numerical relativity codes avail-
able in the community, e.g., EINSTEINTOOLKIT (Loffler et al., 2012), GRCHOMBO
(Clough et al., 2015), SPEC!, and they can be used to perform high-quality simu-
lations of merging binary black holes and provide guidance to future codes. There
has been further development in the field of simulating binary black hole mergers in
recent years: some investigations considered the effect of spins of the black holes on
the dynamics of the systems and their gravitational wave emission (Rezzolla et al.,
2008; Lousto, Healy, and Nakano, 2016), and some studies focused on simulating
binary systems with eccentricity (Mroué et al., 2010; Gayathri et al., 2022). The

https://www.black-holes.org/code/SpEC.html
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properties of the remnants from the black hole mergers have also been a popular
topic in the field (Lousto and Zlochower, 2014; Healy and Lousto, 2017).

Though it has been solved successfully, the simulation of ”standard” binary black
hole mergers still has its importance as it provides a highly comprehensive bench-
mark of any numerical code aiming to solve Einstein equations in black hole space-
times. Achieving stable rotating binary black holes requires proper implementation
in nearly every element of a numerical relativity code, from the initial condition and
gauge configuration to the evolution equations and computation grid setup. The
module of gravitational wave extraction also gets examined in this benchmark to
ensure its simulated signals are consistent with existing data.

In our application, we have implemented a new numerical relativity code for
vacuum spacetime. By incorporating the puncture methods into it, the application
also has the capability of simulating black hole systems. Compared to the exist-
ing codes, our application is based on the new technical realisation of EXAHYPE2,
aiming to provide better performance in large-scale numerical relativity simulations.
It is an interesting topic how new code algorithms impact the efficiency and accu-
racy of simulations, and the exploration becomes more crucial when dealing with
non-standard black hole spacetimes like when there is modified gravity or the pres-
ence of other matter components, as their effect on the behaviour of simulations
remains unknown. The evolving system we adopt is a recast version of CCZ4, which
transforms the equations into a pure first-order hyperbolic formulation. This for-
mulation is first proposed in Dumbser et al., 2018, serving as the foundation for our
application. Our application has successfully conducted several numerical tests and
produces preliminary results in simulating merging binary black holes, however, we
are continuously working on its development to address some issues with the ex-
isting long-term instabilities. We have plans to enhance our application by adding
matter components, which will allow us to perform simulations on other compact
objects in the Universe, such as neutron stars. Additionally, we aim to implement
more general gravity theories in our future application and investigate their effects
in the context of binary black hole systems. It is worth noting that similar research

on certain modified gravity theories has already appeared in recent literature (e.g.,
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Witek et al., 2019; Okounkova et al., 2023).

1.2 ExaHyPE2: a Powerful PDE Solving Code
Base

The applications we report in this thesis are based on the publicly-available code
engine EXAHYPE2, which is the second generation of the EXAHYPE (An Exascale
Hyperbolic PDE Engine, Reinarz et al., 2020). We name the code base “engine” as it
follows the idea of separating the physics implementation and the fundamental code
realisation (e.g. data structure, grid management, parallel computation), similar
to a video game engine. Game developers utilise the game engine to create games
according to their design, likewise, scientists can utilise the code engine to create
applications according to their physics scenarios. Ideally, Research should be able to
create new simulations by only specifying a “few” ingredients such as the fluxes and
the code then runs out of the box. While this code design is elegant, it turns out to
be quite hard to achieve as implementing state-of-the-art simulations always involves
technical development as well. It is nearly inevitable to work on the technical
realisations when deploying new simulations, like the ones in our applications. We
therefore will cover the technical development during the implementation of our
applications in Chapter 2.

In general, EXAHYPE2 is designed to simulate systems of first-order hyperbolic
partial differential equations (PDEs) and relies on the PEANO 4 (Weinzierl, 2019)
framework for its fundamental mesh structures. The external dependencies, such as
the parallelization libraries, are provided by the code segment of Technical Archi-
tecture and it is located as the bottom-most layer of our software. The layout of
the whole code structure is given in figure 1.3. The core of our software is built in
C++, but many tools in the repository are written in Python for readability and
flexibility:.

EXAHYPE2 implements a blockstructured adaptive mesh refinement (AMR)
(Dubey et al., 2016) code on a spacetrees structure, which splits up the computa-
tional domain along the PEANO space-filling curve (SFC) into subdomains (Li et al.,
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Figure 1.3: The illustration of the layout of the whole software under the name of
PEANO 4. PEANO 4 is a framework for handling data structure in a dynamically
adaptive Cartesian mesh in its fourth generation. EXAHYPE2 is a compute kernel
specifically geared to solve PDEs on the meshes based on PEANO 4. This thesis
will only focus on the applications on the EXAHYPE2 kernel. Our code utilizes
Python interfaces to generate glue codes and prepare templates for user functions.
The interface is also responsible for linking other codes if needed. See Section 2.1
for more details on the structure of the Python interfaces. The code also receives
external technical dependency support via the block of the Technical Architecture,
which is located at the bottom-most layer of our software.
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2022; Weinzierl, 2019) (see figure 1.4). All patches, which are the minimal elements
during mesh refinement, are ordered along the SFC. We cut this sequence of patches
into segments such that each rank gets exactly one segment hosting roughly the same
number of patches. As the PEANO SFC is continuous, the set of patches per rank
forms a connected subdomain of the computational domain which does not overlap
with any subdomain handled on another rank. Per rank, we apply the SFC splitting
once more such that each thread per rank obtains its own subdomain: The patches
within the computational domain are first distributed among the ranks and each
rank then distributes its patches once more among the threads. This approach gives
us a two-level non-overlapping MPI+OpenMP parallelization (Bungartz, Mehl, and
Weinzierl, 2006; Schulz et al., 2021). The updates of individual patches per thread
are mapped as a task formalism (Li et al., 2022) and we assume that the tasks can
compensate for any geometric ill-balancing on the MPI level. We, therefore, do not
dynamically rebalance throughout the computation.

The patches along the MPI boundaries are updated prior to other tasks such that
the data transfer required for the communication of adjacent patches can overlap
with further computations within each rank (Charrier, Hazelwood, and Weinzierl,
2020).

As the data structure and related technical code are handled by PEANO 4 and
ExXAHYPE2, users are allowed to focus on the implementation of physics when
building applications. This includes the implementation of the PDEs (the evolution
systems), the initial and boundary conditions, eigenvalue estimations, grid configu-
ration, as well as refinement control if an adaptive mesh is required. Users are also
given the freedom to choose the computation solver in the built-in ones or define
their own solver for their PDEs. Additionally, EXAHYPE2 offers interfaces where
users can inject their own code segments into the source, allowing manipulations of
the behaviours in different stages of the simulation. Those features give EXAHYPE2
the flexibility and versatility to address problems in different branches of sciences

and engineering.
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Figure 1.4: A illustration of the parallelization setup in EXAHYPE2. A two-
dimensional cut through the computational mesh of a simulation as an example.
The colours represent subdomains handled by different threads of different ranks.

As the illustration is a cut-through, the space-filling curve structure is not visible
directly.
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1.3 Outline of this Thesis

In this thesis, we present the two astrophysics applications we developed on EX-
AHYPE2 engine, along with the technical advancement we achieved during the
implementation of them. Both applications are now capable of producing promising
early results for their corresponding astrophysics scenarios. However, we have also
observed issues that affect the long-term stability of the simulations, and they will
be discussed in the following chapters.

The rest of the content of this thesis is organized as follows: Chapter 2 presents
the technical developments involved in implementing our applications. This in-
cludes the computation solvers, boundary conditions, refinement transition strat-
egy and tracer support in EXAHYPE2. In Chapter 3, we describe our application
of EXxAHYPE2 designed for a spherical collapse scenario, covering the theoretical
consideration, code implementation and results of simulations. We then move to
introduce our second application for numerical relativity in chapter 4. This chapter
provides the theoretical background of numerical relativity, details of the application
structure and implementation, and reports the early simulation results of this appli-
cation. Discussions are presented in both application chapters addressing existing
issues and potential solutions. Finally, we summarise this thesis and give an outlook
and future plan for further developing these two applications in Chapter 5.

Because the two applications are very different in scope, the notation and con-
ventions we used may vary from chapter to chapter. To ensure consistency, we will
provide the necessary notation and conventions at the beginning of each chapter
if they are needed. The chapters in this thesis are written in a way that they are
highly individual, allowing them to be read independently. However, we will refer to
the corresponding section of the technical chapter or application chapters through-
out the content, to establish a better link between the technical developments and

incorporation of physics.
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CHAPTER 2

Technical development on EXAHYPE?2

In this chapter, we present the technical development of the ExAHYPE2 for our
physics applications. We note that the fundamental framework of Peano 4 and the
realization of parallel computation are outside the scope of this thesis, thus we will
not cover the details of these aspects in this chapter. Readers who are interested
in these topics are referred to the literature mentioned in the Introduction for more
information.

This chapter begins with an introductory Section 2.1, which gives a general
description of how applications are built in EXAHYPE2. It is mainly a review of the
current structure of EXAHYPE2. Following that, we present the kernel computation
solvers developed for our applications in section 2.2, focusing on their theoretical
designs and considerations. The treatment of boundary condition is discussed in
section 2.3, while the strategy of refinement transition of our code is covered in
2.4. Lastly, we give a detailed description of the tracer module in EXAHYPEZ2, in
Section 2.5. Most of the work in the previous four sections is new and completed
during the study of this PhD project. We provide an overview of those features and
how they are linked to the physics scenarios of the applications in Figure 2.1.

In this chapter, we will use lower indices with Latin letters (i, j, k, ...) to denote
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Physics Scenatio Spatial Discretisation ~ Code Implementation

PDE
(evolving system)

Computational Solver
(Section 2.2)

BC Implementation

Boundary Condition (Section 2.3)

Initial Condition IC Implementation

(Section 3.2.3, 4.2.1)

p Refinement transition Strategy
(Section 2.4)

Figure 2.1: The overview of the application structure in EXAHYPE2, showing how
the physics scenarios are translated into the simulation code: a physics scenario can
be seen as a Cauchy initial value problem with a PDE system, an initial condition
and a boundary condition. They are deployed on a computational grid following
certain spatial discretisation schemes and are handled by different code modules.
Our code also supports adaptive mesh refinement and has the particle tracers feature
which is utilised as the data probes. We will cover those code segments in the
following sections.
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the spatial vectors and follow the standard Einstein convention of summing over
repeated indices. The array containing evolving variables is denoted as Cj, where
“highlights that this is a data (rather than space) vector, e.g., in our numerical
relativity application, there are 58 evolving quantities, resulting in a Cj vector with

a dimensionality of 58.

2.1 Building Applications in ExaHyPE2: A Gen-
eral Introduction

We give a brief introduction to how applications on EXAHYPE2 are constructed
in this section. We first explain the spatial discretisation and define the numerical
solvers, and then present how the code is built via a Python interface + template
structure, under the design idea of separating the mesh traversal and the actual

computation function carrying physics.

2.1.1 Spatial Discretisation and Solvers

EXAHYPE2 implements the computation grid with a block structure. The whole
domain is embedded in a single cube and refined into three equal parts along each
coordinate axis. This yields 33 = 27 smaller cubes. We continue recursively, i.e.,
decide for each cube whether to refine it into 27 subcubes again, according to the
refinement control function that will be introduced in Section 2.1.3. The process
yields an adaptive refined Cartesian grid. Starting from this initial adaptive grid,
dynamic adaptivity can be realised by the refinement and destruction of the grid
cubes between time steps. We are currently not using the dynamic feature. The
technical methods used to evolve the system on an adaptive grid are explained in
detail in Section 2.4.

Every cube in the grid hosts a Cartesian mesh, which we name a patch. The
patch carries the actual evolving solution and is the minimal unit of refinement.
i.e. no refinement would be performed within a single patch. Every patch consists

of p X p X p mesh elements and each element holds a piecewise constant solution
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of the evolving system, i.e., defines one "finite volume”. Every patch thus consists
of p? volumes. The volume is the minimal unit of the computational domain and
represents the finest level of discretization. Extra layers of volume are also attached
at the boundary of the domain for the implementation of the boundary condition,
and we call those extra layers halos. See Section 2.3 for more details.

To solve the system, we need to employ numerical schemes to update the solu-
tion on those patches. To be more precise, the numerical schemes should give the
solution of the following PDE, which is assumed to take the first-order hyperbolic

formulation:
0,Q + ViFi(Q) + Bi(Q)V:Q = S(Q),  with @ : R* — RV, (2.1)

where @ represents the array of n evolving variables. F;(Q), B;(Q) and S(Q) are the
flux, non-conservative product (NCP) and source term respectively. The numerical
scheme provides how the solution in every volume is updated over time, thus playing
a significant role in our application.

We call those numerical schemes kernel computation solvers. EXAHYPE2 cur-
rently supports a large variety of solvers, including different numerical methods, such
as Finite Volume (FV), Finite Differences (FD), and Discontinuous Galerkin (DG),
all equipped with the options of adaptive timestep and Runge-Kutta integration.

The specific solvers employed in our applications are introduced in section 2.2.

2.1.2 Python Interface

The EXaAHYPE2 engine provides a Python interface where users can specify the pa-
rameters, the PDE structure, and the code module they would like to employ during
the simulation. The Python interface then creates templates! in C++ where the
actual PDE and other needed functions are implemented. It also prepares and gen-
erates all necessary glue code segments and makefiles in C++ using the Jinja2 tem-

plate library, then compiles the final executable file. The following list describes the

'We use the word template to refer to the empty function that users can fill later as described
in Section 2.1.3. It is not related to the built-in template type in C++.

18



elements that are usually involved in building a typical application of EXAHYPE2:

e Parameter Specification: The parameters used in the application building and
simulation are defined in the first part. Users can specify them in the Python
interface in a hard-coded way, but one can also overwrite them through the
command line argument for flexibility in code tuning. The building parameter
will be used in the other parts of the code through the Python interface, such
as the choice of the kernel solver and the volume size. The running parameters,
on the other hand, are provided for the actual simulations, e.g., the mass of
the black holes. They will be injected into the actual C++4 code later through

the template.

o Kernel Solver Deployment: As described above, a numerical solver is needed
for the applications to update the solution. We select the kernel computation
solver and configure it according to our needs in the Python interface. There
are also several more advanced solvers under active development within the
EXAHYPE2 framework, such as local time-stepping based on resolution or
eigenvalues of the evolution systems, and the arbitrary-high-order-method-

using-derivatives (ADER) DG method.

o Kernel Solver Setup: In the process of configuring the solver in the Python
interface, users are required to declare the number of evolving quantities for
the solver, as well as the PDE terms that they want to include in the evolution
equations. This information is utilised by the Python interface to generate the
template for PDE implementation accordingly. Moreover, the solver receives
the parameters for grid construction, including the domain size, the resolution
parameter and the strategy for refinement transitions (see section 2.4.2). They
will cooperate with the AMR support of EXAHYPE2 to generate the compu-
tational grid for the simulation. The CFL ratio and the KO coefficients of the
FD solver (see the section of solver below for explanations of those parameters)

also get specified in the solver.

e Code Extension implementation: EXAHYPE2 provides the routines to inject

user-defined dependency and code segments into different stages of the simula-
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tion. It is also possible for users to add auxiliary variables ? in the code. Those
auxiliary variables do not enter the evolution system, i.e., they do not require
evolving equations and do not evolve in time. Instead, they can be assigned
in the user-defined code which provides more output information from the
simulations. The combined usage of the user-defined code and the auxiliary
variables is our main approach to implementing modules for postprocessing
in our code, e.g., the mass integration for the spherical accretion application
(section 3.2.2) and the various modules of the numerical relativity application

(section 4.2.3).

e Tracer Configuration: The particle support of EXAHYPE2 offers a valuable
feature as the data probe in the simulation. There are two ways to utilise
particles: static or moving. Each serves a distinct purpose. Static particles
measure the local values of evolving quantities over time and are ideal for
temporal plotting. Moving particles can be configured to follow the evolving
field, essentially acting as trackers. The users need to specify the behaviours of
the particles here, i.e. how the particles are initialised, how they update over
time and how the associated data is outputted. The particle probe feature is

discussed in detail in section 2.5.

e Template Fill: After the initial run of the Python interface, EXAHYPE2 will
generate the templates based on the need of users. The templates contain
empty functions of the user-specified PDE terms, the eigenvalue calculation,
the initial and boundary conditions as well as the refinement control. Users are
responsible for filling these templates according to the physics scenarios they
aim to simulate. We give a further description of those templates in section

2.1.3.

o Link external files and Compilation: We specify the link to external code files
in the final part of the application building. The external code files include

the scripts where the user-defined functions are declared and defined (the ones

2Please notice the auxiliary variables here are different from the physics auxiliary variables we
introduced in chapter 4 to derive our evolving system.
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used in Code Extension above), and also the external library utilised by the
application. For instance, the TwoPuncture library from EINSTEINTOOLKIT
is employed in our numerical relativity code to generate initial conditions for
black hole spacetime. Once all configurations and code files are in place, the
Python interface of EXAHYPE2 generates the makefile. It then compiles the
executable file, which we can run on a local machine, or submit to the clusters

for large-scale simulation.

The list above only covered the basic elements of an EXAHYPE2 application, there
are also some more advanced modules and features under testing aiming to improve
the capability and flexibility of the engine. For example, it is possible to couple
two solvers on the computational domain in EXAHYPE2, where the solvers evolve
separately over time but also impose constraints on each other. One can use this
routine to take advantage of both while avoiding their individual disadvantages,
which is a potential solution to the instability issues we report in our numerical

relativity application (see Section 4.3 and 4.4).

2.1.3 Application Construction through Templates

In principle, we can specify everything in the Python interface of EXAHYPE2 and
there is no need to touch the real C++ file. However, it will make the Python script
extremely long for some complicated applications and lose readability. Therefore, we
provide users with C++ templates where one can declare and define the important

code segments separately. We cover those segments below.

PDE Implementation

According to the simulated physics system, some of the terms in equation 2.1 may
be absent. Users are allowed to specify the terms they need in their equation and the
generated template will only ask for implementation of those terms. For instance,
our spherical accretion application (see section 3.2.2) does not contain the non-
conservative term, thus we only need to implement the flux and source term in the

template.
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The actual implementation of those terms is achieved by completing the corre-

sponding functions in the template:

Flux(Q, z;, 6z, t, dt, normal) — F, (2.2)
NCP(@, 6Q, z;, oz, t, dt, normal) B;6Q), (2.3)
Source(@, x;, oz, t, dt,) — S. (2.4)

Here x; and dx are the local coordinates and volume size respectively; the latter is
treated differently in various solvers, and we will discuss this in section 2.2 below.
t and dt are the current time and timestep size. In most cases, the PDE terms are
not dependent on the time information, and we provide these two entries here only

for generalisation. Normal is the direction of the volume face?.

Eigenvalues Estimation

Some numerical schemes in EXAHYPE2 ask users to provide an estimating rou-
tine for the eigenvalues A of the characteristic matrices of their evolving system.
These eigenvalues represent the wave-propagating speed of the quantities, and the
code utilises the maximal one from all volumes and all variables to determine the
timestep size if an adaptive timestep solver is employed. Certain solvers (e.g. the
Rusanov finite volume solver) also require the eigenvalues in the damping term. The

estimation function in the template is
maingenvalue(Cj, x;, 0z, t, dt, normal) — Apax, (2.5)

where \.x represents the maximal eigenvalue of the system. Note that here we use
the word ”estimation” rather than ”calculation” because the eigenvalues of many
evolving systems can be quite difficult, if not impossible, to calculate precisely. On
the other hand, only an upper bound of the eigenvalue is needed when limiting

the timestep (as shown in equation 2.17), thus users are allowed to estimate the

3Notice we always have volumes on our computational grid, however, it does not necessarily
mean we are using a finite volume method. See section 2.2 below
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eigenvalue roughly. However, a more precise eigenvalue can help optimize the time
step size and reduce the unnecessary damping in some solvers. So we always suggest

providing eigenvalues as accurately as possible.

Refinement Control

The basic parameters for resolution are already configured in the Python interface,
which contains the maximal and minimal volume sizes. The EXAHYPE2 will try to
refine the domain everywhere to be below the maximal volume size, which leads to
a regular grid. The domain can be refined further to the intrinsic resolution limit of
the minimal volume size, but the code will not do this unless the refinement control
function is in place. In this function, the user can ask the code to continue refining

according to certain criteria, and the implementation is provided in the template as:
reﬁnementCriterion(Cj, x;, 0z, t) — RefinementCommand, (2.6)

The REFINEMENTCOMMAND are a set of special flag variables in EXAHYPE2 which
inform the code to keep the current resolution or further refine. Users can ask the
grid to further refine to a certain level, or to the limit of the minimal volume size
in this function to get the specific AMR pattern they want for their simulation.
EXAHYPE2 also provides the RefinementCommand of coarse, which plays an im-
portant role in grid destruction for dynamic AMR. As our applications only use

static AMR for now, this command is not used.

Initial Condition

The function of the initial condition is provided in the templates as
initialCondition(z;, dz, gridlsConstructred) — Qi (2.7)

where @ini represents the initial array of the evolving variables. The flag gridls-
Constructred is there for the purpose of optimization, as the function of the initial
condition is called twice in EXAHYPE2. The first call occurs before the AMR

construct, and its result is used as a reference for the refinement control function
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(2.6). After the grid is constructed, The initial condition is called for the second
time, in this instance, the output array represents the actual initial condition that
enters the evolution later. Therefore, the quality of the result of the first call does
not need to be too good. By reducing its quality, one can improve the speed of
the initial condition-assignment stage of the simulation. This is especially valuable
when the initial condition assignment involves expensive calculations, such as the

TwoPuncture library we are using in our numerical relativity application.

Boundary Condition

Another important condition that requires implementation in the code is the bound-
ary condition. EXAHYPE2 provides the built-in periodic boundary condition, which
can be switched on directly in the Python interface. No input from users is needed in
this case. For other boundary conditions, users need to complete the corresponding

function in the templates:
boundaryCondtions(Cjin, x;, oz, t, normal) — Qout, (2.8)

where Qin and Qout represent the variable arrays inside and outside the domain, and
normal is the direction of the considered domain boundary. We are going to explain

how the boundary condition is implemented in section 2.3.

Function Overriding

Those functions above form the essential part of the templates. Furthermore, EX-
AHYPE2 also allows users to override other functions in the C++ template, e.g.,
startTimeStep and finishTimeStep. These two functions are called at the beginning
and the end of each timestep respectively, to initialise/close the current time step.
This overriding feature provides users more flexibility to customize their applications
according to their specific simulation requirements.

One example of this feature is in our spherical accretion application. We over-
ride the finishTimeStep function to reduce the mass array from every single thread

accumulated to derive the global mass array for the source term (for details of this
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mass integration scheme, see section 3.2.2).

Another example of customization in EXAHYPE2 is overriding the solver class
initializer in our numerical relativity application. In this case, the solving function
from the TwoPuncture module is injected into the solver initializer. The initial
condition function thus only contains the interpolation part of the puncture con-
struction. By implementing this approach, we avoid solving the constraint equa-
tions repeatedly in the function, which reduces the computation burden of initial

condition assignment significantly.

2.2 The Kernel Computation Solver

This section is dedicated to introducing the kernel computation solvers we utilised
in our applications. As we mentioned above, the computation solvers are the fun-
damental components of the application and are responsible for providing solution
update schemes for evolution. EXAHYPE2 provides various computation solvers
employing different numerical algorithms. Here we only cover the two specific solvers

that are implemented in our applications reported in this thesis.

2.2.1 The Rusanov Finite Volume Solver

The finite volume solver in EXAHYPE2 starts with the spatial and temporal dis-
cretization of the PDE system (2.1). We write the original PDE into the weak

formulation for one timestep as:

/ 0:Qxdz;dt = — / (vm(@) + Bi(@)vi@) da;dt (2.9)
Qx [t,t+5t] QX [t,t+5t]

+ / S(Q)da;dt,
Qx[t,t+6t]

where dz; runs over the simulation domain 2, [t, ¢ + dt] denotes the time interval of
a step and x(z;,t) is a test function. Equation (2.9) needs to hold for arbitrary y
to fulfil equation (2.1).

The Rusanov solver (LeVeque, 2002) we adopt in our code assumes that the

solution remains constant within every timestep and every volume v, and sets all test
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functions as the characteristic function of one finite volume, i.e., they are x,(x;,t) =

1 within v and vanish anywhere else. The integration of Equation (2.9) over time

gives us
1 1= -
=~ [Q(t +6t) — Q(t)} de; (2.10)

—— [ [7R(Q@) + B(@9:@] dai+ [5G

v

/V Q)+ OB;(Q) dxz /QV Bi(Q)dz; + /S(Q)dxi.

In the second equality, the relation Bl(@)VZCj = VZ[QBZ(Q)] — @VZBZ(Q) is used
to separate the non-conservative term into a conservative part and the remainder.

We then apply the divergence theorem:

- / G+ 51— G0 a, (2.11)
Al

4,

where dS; is the (oriented) area element of the surface of the volume v, dv. Here

F(Q) + QBi(Q) dS +/QVB Q)dx; + /S(Q)dxi,

the closed-surface integration is decomposed into the summation of multiple faces
that have constant normal vectors respectively. At the same time, we assume the
solution vector Q to be piece-wise constant inside v, therefore we can move the Cj

out of the integral in the second term above:

/QVB Q)dz; = Q/VB Q)dz; = Q]{ (2.12)

and we can also apply the following replacement:
/ Odz; — OV, ]{ OidS; = Y OiniSo, (2.13)
v ov v

where V,, is the volume of v; Sy,, n; are the area and unit normal vector of one face
of Ov, respectively; and O ((,) denotes a generic scalar (space vector) function.

This leads to the final explicit Euler time stepping scheme we implemented in the
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code:

Q(t +0;) = é( )+ 0tS(Q + Z Flux™(

, (2.14)

The indices on the flux terms indicate the relative position of the face and the
considered volume. As our grid utilises a cubic (or square, on a two-dimensional
grid) volume, there are three (two) pairs of Flux™, where — means the face is on the
left of the volume while + means the face is on the right of the volume. Assuming
the variable arrays of the left, considered and right volumes are Cj_, Cj, and Cj*

respectively (see figure 2.2), we shall have

Flu; = 513 (F(@) + R @)~ 5 (G- @) Ba(5(0+0)) )
= 1max (dnae(@) Anan (@) ) (G- ) ] ,
Flusf = 5 3@ + A @) - 5 (- @) 8 (5 (3 +@) ) 20

+ 1 (Ana( @), A @) (G = G) ] ,

where the lower index d represents the normal direction and takes the value of
{1,2,3} ({1,2} in 2D). The contribution of flux term F}; on the faces is approximated
by taking the averages of the flux in the two adjacent volumes, in which we have
assumed the flux term is linear on @ On the other hand, the contribution from the
non-conservative product term uses the average of the variable array itself as it is
not linear most of the time. The result then is corrected (limited) with a term of
numerical diffusion (LeVeque, 2002), which is proportional to the largest eigenvalue
Amax Of the characteristic matrix. n is a problem-specific constant and has a default
value of 0.5.

To achieve a stable evolution, the timestep of our finite volume solver dt is subject
to the Courant—Friedrichs-Lewy (CFL) condition with

ot < C %,
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Figure 2.2: The stencil in one dimensional of the two solvers we describe in this
section. They shared the same grid structure fundamentally (volumes). Left panel:
The stencil of the Rusanov finite volume solver, where the flux from the left and
right of the considered volume are labelled accordingly. The variable array in the
volume is assumed to be piece-wise constant. Right panel: The five-point stencil for
the fourth-order finite difference solver. The volume center is used as the grid point
as marked.

where C' < 1 is a user-specified safety parameter that may vary in different simula-
tions. Our scheme employs a global time-stepping scheme and thus uses the smallest
global volume length [dz|. It remains invariant over time as we fix the finest resolu-
tion in our simulations. The maximum eigenvalue A., however, changes over time
and thus has to be recalculated after each step. Our timestep size would then adapt
accordingly.

We employ this Rusanov Finite Volume solver in our spherical collapse applica-
tion, and it yields quite satisfying outcomes in reconstructing self-similar behaviours
of this scenario, both in standard and modified gravity. Furthermore, it also shows a
good property in capturing and resolving shocks in the computational domain. For
more details on the performance of this solver in real physics simulations, we direct

the readers to section 3.3 in the application chapter.

2.2.2 The 4th Order Finite Difference Solver

As we mentioned above, we can construct the finite difference scheme in ExXAHYPE2,
while having the basic structure of volumes. By assuming the solution to be piece-
wise constant in the volume, the variable array of a volume is identical to the array
located at the center of this volume. This insight allows us to construct a grid of
discrete points, where the centers of every volume are treated as points and carry
the array of evolving variables. In the remainder of this subsection, we will use

the word grid points rather than volume centres to be consistent with the scheme
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design.
To approximate the derivatives in fourth-order accuracy, we utilise a five-point

stencil in one dimension as shown in figure 2.2:

Q) 1
ox 126z

Zo

B(QT-Q7)— (@ —Q )] +0(dz"). (2.18)

Where x( is the considered grid point, the + and — upper indices of quantities
indicate the relative position of the indexed quantities with the current grid point,
and the number of signs specifies the distance, e.g., Q™" = Q(z + 20z), Q~ =
Q(zo—dz). We have omitted the vector sign of the evolving variables @) for simplicity.
This stencil achieves fourth-order accuracy which can be seen from the following

Taylor expansions:

OF = Q (z0 + 67) (2.19)
— Q) + g—f (20) 03 + %%2 (o) 022 + %237? (20) 62° + O (524,

Q™ =Q (v — dx) (2.20)
—Q(z0) — g—g (o) 62 + %@;7@2 (20) 2” — %?7? (20) 62° + O (62%)

Q= Q (v + 202) (2.21)
—Qao) + zg—f (20) 6 + 2‘227? (z0) 62> + %“237? (20) 62° + O (62%) .

Q" =Q(x — 20x) (2.22)
~ Q) - 2% (20) 5 + 2‘327? (20) 622 — %?7? (20) 62° + O (62") .

The stencil eliminates the 62°, 622 and dz® terms so that only terms linear in dx
remain. Notice that we can apply this formulation to any spatial-dependent function,

therefore the divergence of the flux is given as:

(’9_F 1
ox 20 126z

[8(Fr—F)— (F*" = F )]+ 0 (sz"). (2.23)

Equipped with the relations (2.18) and (2.23), we can derive the time stepping
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scheme of this fourth-order finite difference (FD4) solver

ot

_ Z 126 Qz+ sz) o (Qi++ _ Qiff)] ’

Q(t +dt) = Q(t) + 6tS(Q) — Z

8 (Fit—F7) = (F/ = F)] (2.24)

where we have used the forward finite differences for the time derivatives (‘9,:@ =
(Cj(t + dt) — Cj(t)) /dt for a timestep size of dt. The index i goes from 1 to 3 and
indicates the direction of the neighbouring points we are looking into. The five-point
stencil of (2.18) is the central difference and it is our preferred choice in most cases.
However, some terms may need a lopsided stencil to capture specific features or
behaviours, especially those that may lead to asymmetric patterns in the system,
e.g. the advection terms of the CCZ4 system (Radia et al., 2022) in numerical
relativity, which appears in our application as well. The left and right lopsided

stencils with also the fourth-order accuracy are

3%351:) - 1215;,; [~Q7T +6Q7T —18Q7 +10Q +3QF] + O (62),  (2:25)
a%i,x) = 121513 [-3Q7 —10Q + 18Q" — 6Q*" + Q] + 0 (62%),  (2.26)

which we shall switch to accordingly when needed.

The timestep size of the FD4 solver is also subject to the CFL condition (2.17)
above. In practice, we find that a smaller safe parameter C' is usually needed for
the FD4 solver, compared to the case of the finite volume solver, to achieve a stable
evolution of the system.

Another essential piece of the FD4 solver is numerical dissipation. The numerical
errors that appear in the finite difference scheme usually have a wavelength of the
grid size dx, and such spurious high-frequency modes have a faster growth rate
compared to the actual PDE solution, which is low-frequency. As a result, the
accumulation and amplification of these numerical errors are very likely to disrupt
the evolution and lead to a code crash. This is why we need the numerical dissipation

just like the one introduced in the F'V solver above. The dissipation term in the
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FD4 solver is introduced as a low-pass filter that helps suppress the high-frequency
modes in the solution, while only introducing high-order errors in the actual solution.
This guarantees the dissipation terms approach zero when the continuous limit dx
is taken. In our solver, we choose the standard Kreiss-Oliger (KO) dissipation at

order N = 3, which has a form in one dimension as(Kreiss and Oliger, 1973):

€

KO® =
640x

(@ —6Q " +15Q" —20Q + 15Q* — 6Q*+ + Q*+) | (2.27)

where € is a user-defined parameter to control the strength of the numerical dissi-
pation. By checking the Taylor expansion of every term above, one can see that

KO® = 6%2676’625335 +0 (625). (2.28)
Therefore the new numerical error introduced by this KO term is one order higher
than that of the solver itself. The final numerical dissipation term is the sum over
all directions of (2.27).

We develop this fourth-order finite difference solver for our numerical relativity
application since the tests show that the finite volume solver is too dissipated for
black hole spacetimes. It shows a good capability to resolve the puncture structure of
the black holes and gives a rather stable evolution of the dynamic black hole systems.
However, it has been noted that there are instabilities presented in simulations of
static single black holes using this FD4 solver. This is currently being investigated.
For the report of the performance and discussions of existing issues, we refer readers

to sections 4.3 and 4.4 in the application chapter accordingly.

Before we close this section, it should be pointed out that the FV and FD
solvers we describe here both have the capability to integrate using the high-order
Runge-Kutta scheme, which can provide enhanced temporal accuracy in simulations.
However, in our applications, we have chosen to utilise the Euler integration scheme
as the Runge-Kutta scheme does not improve the accuracy significantly. At the
same time, the Euler scheme also avoids the high computational overhead caused

by the Runge-Kutta scheme.
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Boundary

Figure 2.3: An illustration of the boundary layout used in our simulations with
ExAHYPE2, when we use the Finite Volume kernel. Outside the boundary of the
simulation domain, denoted by the thin black line, a layer of ghost volumes (blue
squares) are set up, and the interested quantities in the ghost volumes, Qout, is de-
termined by the values of these quantities, as well as their derivatives, in the volumes
immediately inside the boundary (dark red squares), Qin. The figure is cited from
the document of code repository https://gitlab.lrz.de/hpcsoftware/Peano.

2.3 Boundary Condition Implementation

The ideal “boundary condition” is a domain with an infinite size as in the real Uni-
verse. Clearly, it is not possible in numerical simulations with finite computation
resources. Therefore, we need to specify the behaviour of our solution at the do-
main boundary, i.e., how to perform the time stepping (2.14) or (2.24) when the
neighbours on the certain side are out of the boundary.

ExAHYPE2 utilises the halos of ghost volumes of the domain to do this job.
Those halos are artificial layers of volumes that can be considered as an extension
of the actual physical domain. The number of halo layers depends on the solvers we
employ. When the volumes at the edge of the physical domain perform their time
stepping, they use the values in those ghost volumes as the neighbouring values.
Those ghost volumes do not evolve themselves but instead receive their values from
the boundary condition function, which we introduced in Section 2.1.3.

Figure 2.3 illustrates the layout of volumes at the boundary for the finite volume
solver. As the time-stepping scheme of the FD solver 2.14 only requires its direct

neighbour, only a single halo layer of ghost volumes is needed (blue squares in
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the figure). The boundary function (2.8) specifies how the values in those blue
squares, Cjout, depend on their direct neighbours (dark red squares), Qin. While
(2.8) only provides the entries for the variable array Cjin itself, it is also possible to
add the dependence from the derivatives of quantities in those dark red volumes.
This is achieved by utilising the code extension feature we introduced in section
2.1: we calculate the derivatives of the evolving quantities and attach them within
the variable array Cj as auxiliary variables. Consequently, the array @in that the
boundary condition receives would contain the information of derivatives. This
approach plays an important role in implementing the hybrid boundary condition
in the spherical collapse application (see section 3.2.3).

On the other hand, the boundary layout for the FD4 solver of EXAHYPE2 is
slightly more complicated as the time-stepping (2.24) and dissipation term (2.27)
of it asks for neighbours two/three points (volumes) away. Therefore we need three
halo layers of ghost volumes (see figure 2.4) for the FD4 solver. To assign the
boundary condition for multiple layers, we adopt the 1 — 1 scheme to specify the
values in the ghost volumes layer by layer. i.e., we first assign the values ()3 ;1 use
Q2,1 by treating them as Qou and @y, in boundary condition function, then assign
the values Q4 use Q3 j r, assign the values Q4 ;1 use Q3 ;5. All three layers are now
filled. Intuitively speaking, the boundary condition of the FD4 solver is achieved by
applying the boundary condition of the F'V solver three times.

2.3.1 Simple Boundary Conditions

According to the formulation of the boundary condition function (2.8), it is straight-

forward to implement the Dirichlet-type conditions:
Qout = f(z;, dx, t, normal), (2.29)
and the Neumann-type conditions
Qout — Qin

(Sl’— = f(xu 5:Ea t) — Cjout = Cjin + 5xnormalf(xi7 5:57 t)a (230)
normal
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in EXAHYPE2. We can further combine these two types of conditions to get the
Robin(Fourier)-type boundary conditions, which can also be seen as the mix of the

two boundary conditions above:

C’Oc_jout + CHM = f(xm 5I, t)
6$norma1
—
- o\ Ci o~
_ . — Q. |. (231
QOUt (CO + 5xnormal) (f(x“ 5$, t) + 5$normal Qm) ( ; )

We have used Zyorma to represent the volume length (grid size) in the normal di-
rection specified in the boundary condition. Cy and C; are the parameters that are
specified according to the boundary condition needed. As we introduced in section
2.1.3, ExXAHYPE2 also provides the newly-developed built-in periodic boundary
condition. It is very useful in wave propagation tests, such as the gauge wave test
of our numerical relativity application (see section 4.3.1).

The boundary condition function can also receive information about the deriva-
tives of the C}in using the feature of auxiliary variables as described above. In this
case, the derivative of the quantities is actually evaluated by accessing an extra
layer into the physics domain, i.e., the orange squares in the column right next to
the dark red ones in figure 2.3. The derivatives are calculated as the second-order
finite difference scheme:

Qright — Qieft
b

25mnormal

(2.32)

anormal Qdark red —

where {left, right} € {blue, orange} depending on the orientation of the considered
boundary.

Those simple boundary conditions are generally sufficient for various applications
in EXAHYPE2, however, they behave badly in scenarios inhabiting outgoing waves,
such as the case of rotating binary black holes. We, therefore, need more advanced

boundary conditions for those physics processes.
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2.3.2 Sommerfeld Radiation Condition

The default boundary condition of EXAHYPE2 application is the homogeneous

Newmann condition which asks the derivatives at the boundary to vanish:

Qout - Qin -0 — Qout — Qin7 (2.33)

5~T normal

In our numerical relativity application, this naive outflow boundary condition turns
out to be insufficient for black hole scenarios because it resolves the solution inac-
curately, thus leading to a wave-like reflection.

To improve this, we now consider the Sommerfeld (radiative) boundary condi-
tion. It is one kind of absorbing boundary condition and it enforces that the wave at
the boundary only travels out of the domain. Its basic formulation can be written
as

01Q + cOnormal@ = 0| . (2.34)
o0

Here c is the wave speed, i.e., the eigenvalue of the characteristic matrix of the
evolution system. We can apply this boundary condition directly if our wave is
travelling perpendicular to the boundary, but that is not true in our case as we
have a spherical symmetric system in a cubic domain. If we are far enough from
the centre region, we should expect the solution in the form of u(r — ct)/r for a
spherical symmetry setup, where r is the radius from the system origin. It leads to

the Sommerfeld boundary condition as

0Q + c0,Q +cQfr =0| . (2.35)

o0

Now we need to project the radical derivative to its Cartesian component. As we

have a spherically symmetric function, the following relation,

or T
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can be used to give

2Q + c%‘m - —%(Q —Quw)| . ie{1,2,3) (2.37)

o0

Here Q) is the value of evolving quantities at the boundary in the initial condition,
as it serves as a "background” and thus does not enter the wave-like equation.

We can also use another formulation from the inverse relation of (2.36):

0.0=Y" Wi = > a0 (2.38)

It gives another version of the Sommerfeld boundary condition:

0,Q + CZ %@Q = —;(Q — Qini) (2.39)

o0N

The sum-up notation is added here deliberately to distinguish from the first approach
where double i on the left is not a sum-up in (2.37).

In the continuous limit, these two versions should give the same results. In
numerical simulations, however, they are different and both have advantages and
disadvantages. The first version (2.37) is much easier to implement but leads to
potential numerical error in systems where the exact spherical symmetry is lost
(like the case of the binary black hole spacetime), as the relation 2.36 does not hold
strictly anymore. The second version (2.39), on the other hand, behaves better in
these situations, but it requires derivatives parallel to the boundary. This makes
the boundary condition more complicated and is also troublesome when we hit the
edge of the boundary where we lose access to the volume on one side. Currently,
the first version of the Sommerfeld boundary condition is employed in the code.

We then explain the implementation of the Sommerfeld boundary condition in
code practice, with three halo layers of ghost volumes. Without loss of generality,
we assume the considered boundary is located in the positive x position. Figure 2.4
illustrates the boundary layout in this case, where the light red squares on the left
are the volumes inside the domain while the light blue ones on the right are the

ghost volumes that we need to assign in the boundary condition. The six layers are
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t=t_n t=t_{n+1}

Figure 2.4: (One dimension is omitted) Illustration of the entries we need for im-
plementing the Sommerfeld condition for three halo layer setup. The boundary on
the positive x is shown here, thus the right half (light blue squares) is outside the
domain. We need to fill the outside layers of the boundary (Qgﬁ, Qiﬁ, gﬁ) from

values inside the domain (light red squares, Qf %}, Q’f}r}c, 5% 1), and the information

from previous timestep (Q’{‘O_5} i i) See the text content for more details.
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labelled from 0 to 5 from left to right as their lower indices in the = position.

As we describe above, we can implement the boundary condition in a 1 — 1
manner, first considering the volumes at layers 2 and 3. The Sommerfeld boundary
condition (2.37) gives

1 T c
5 (O = @Q5) +o——(QF - @5) = —— (Qf — Qi) (2.40)

2;0%;

The indices for the y and z directions are omitted as they are all the same in this
case. The upper indices n and n 4 1 represent the previous and current timestep:
One important feature of the Sommerfeld boundary condition is that it requires in-
formation from the previous timestep to evaluate the time derivatives. The variables
from the previous timestep are not available in boundary condition function (2.8)
by default, and access to them once again utilises the feature of code extension we
introduced in section 2.1.

Using the expression (2.40), we can derive the values of variables in layer 3 and
then we apply the same manipulation for layer 3 to layer 4, layer 4 to layer 5 to
fill all three halo layers. Notice the r, ¢ and z; in the expression need to change
according to the considered layers.

We can “upgrade” the expression above to enhance the accuracy of the Sommer-
feld condition by taking the averages of two layers for the quantities, following the

idea of Alcubierre, 2008:

1
Sl Q8 + (@5 - Q)] +e

r

(@57 = @) + (@5 - @) (241)
= (@5 + Q5) — 2Quil.

. . . +1
This equation also gives Q5.

For the second Sommerfeld BC approach, we replace the second term in (2.40)

above with:
; % (Qg,j,k - g]k) + % (Qg,j+1,k - Qg,jfl,k) + é (Qg,j,kﬂ o Qg,jykl)l

(2.42)
Similarly, it can be upgraded to a more accurate version by averaging with the
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corresponding difference at timestep n+ 1. As we know everything at the boundary
at the timestep n, it is straightforward to implement. Just notice we need to change
the corresponding central difference to the lopsided difference when we hit the edge
of the boundary. This approach is not implemented in the current code.

The Sommerfeld boundary condition implemented as described above shows a
significant numerical improvement compared to the homogeneous Neumann condi-
tion, especially in the simulations of black hole spacetimes. It provides a much more
stable boundary behaviour and suppresses the reflection which ruins the central
solution. However, it can not eliminate the boundary effect completely, and we ob-
serve that long-term simulations are still suffering from errors propagating inward
from the boundary. As the Sommerfeld condition performs optimally in systems
with spherical symmetry, one potential solution to address this issue is to increase
the domain size. We are actively looking for a resolution for the boundary effect in

ongoing research.

2.4 Patch Communication and Adaptive Mesh Re-
finement

In this section, we present how we achieve solution updates on the adaptive mesh
in EXAHYPE2 via the halo-like structures called “face”. The face structures are
introduced as the bridge among patches as they may be handled by different threads

in a parallel computation setup.

2.4.1 Patch Communication through Face Structures

In parallel computers, the patch is the minimal domain unit distributed among
cores, thus cores may have no access to the neighbours for those volumes located
at the edges of patches, as these neighbours belong to the patch processed by other
cores when we use a non-overlapping domain decomposition. As the communication
among different threads is rather expensive, we thus introduce the halo of the patches

to achieve an overlapping domain decomposition. The halo can be considered as the
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Figure 2.5: The illustration of patches and faces structure on the computation do-
main in EXAHYPE2. A two-dimensional patch with 5 x 5 mesh elements (vol-
umes) and a halo of one layer is given. On the right panel, we show the struc-
ture of this patch during the time-stepping: the patch (grey squares) has a halo
(coloured squares) that is used to update the volumes at its edges. The values
in the halos are from the face structures (coloured squares) we showed on the
left. The face structures do not enter the actual evolution and are only respon-
sible for bridging different patches. The faces are the exact copies of the corre-
sponding part of adjacent patches, e.g., the halves that are close to this patch are
the copies of those boundary volumes of it(dark grey squares). See the text con-
tent for more details. The figure is cited from the document of code repository
https://gitlab.lrz.de/hpcsoftware/Peano.

local boundary condition: the volumes on the edges of the patches utilised the
information in the halo layers to perform time stepping. Clearly, as mentioned
above, the number of the halo layers of the patches also depends on the solver we
employ.

The right part of Figure 2.5 gives an example of the patch and halo structures.
We assume a two-dimensional patch with 5 x 5 volumes and a halo of one layer in
this instance. During the evolution, the core performs the timestepping within the
patch (grey squares) and utilises the halo (coloured squares) to update the volumes
on the edge of the patch. As we are now inside the simulation domain, the halos do
not need a user function to assign like what is needed for the boundary conditions;
instead, they are determined by the boundary volumes of neighbouring patches. This

is achieved by introducing the above-mentioned “face” structure in our code, which
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is responsible for performing communication among patches. Every face structure
holds 2k x p volumes, assuming the halo layer has a thickness of £ and the patch
size p. So in our example above, each face has 2 x 5 volumes and is shown as the
coloured squares on the left in the figure. The values of the volumes in the face
structures are the exact copies of the boundary part of the adjacent patches. For
instance, the two red columns on the left represent a face that bridges the patch
shown in the figure and its left neighbour patch. Those volumes marked in dark red
are copies of the boundary part of the current patch (leftmost column in dark grey),
while the volumes in light red are copies of the volumes in the rightmost column
of the neighbour patch. The case with multiple halo layers is similar and we just
need to copy more columns from both patches to the face. Intuitively speaking,
the patches make up a non-overlapping domain decomposition of the computational
domain, while the faces introduce an overlap among them.

The copy from patches to faces takes place after every timestep and we assign
the halo layers of every patch utilising the face at the beginning of the next timestep.
That is how the halo layer of patches receives information from their neighbours. No
direct data communication would happen among patches in EXAHYPE2 and faces
take all the responsibility for that and themselves do not enter the actual evolution.
Clearly, those patches that happen to be located at the boundary of the physical
domain have no neighbours for their halos, and they thus need to be assigned using

the boundary function we describe above in section 2.3.

2.4.2 Trilinear Interpolation in the Tensor Product Formal-
ism

The copy back from the face structure to the halo layers of patches is relatively

straightforward in a regular grid as it is a direct one-to-one map, such as from the

five light red squares on the left of the figure 2.5 to the five light red squares on the

right. However, special attention needs to be paid when dealing with the boundary

of the refinement transition.

We use the word refinement transition to indicate the resolution change between

patches. As we mentioned above, the adaptive mesh in EXAHYPE2 is constructed
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by refining patches recursively in three partitions and creating new patches accord-
ingly. There is no refinement occurring within the patches as the patches are the
minimal unit in this process. As a result, there are some faces whose neighbouring
patches have different resolutions. We do not allow refinement transition of multiple
levels in the code, therefore the difference in patch length can only be a factor of
three. As all patches in the domain have the same number of volumes, we shall have
0T coarse = 30Lfine as well.

The patches on the two sides of the boundary of the refinement transition both
have face structures on their own resolution level, whose halves close to themselves
can be copied from their own edges as usual. However, the out halves can not
be copied straightforwardly this time, as their neighbours now hold volumes in a
different resolution. That is the reason why we implement the so-called refinement
transition strategy in the code. In the following content, we shall call the calculation
scheme determining fine volumes from the coarse volumes as Interpolation, while
calling the one to determine coarse volumes from fine volumes as Restriction.

We illustrate an example of the refinement transition setup between two face
structures on the AMR boundary in figure 2.6, with a patch size of p and a halo
of 3 layers. The two face structures, therefore, both have 6 x p x p volumes in
total. The faces of the coarse patch and fine patch are plotted on the two sides of
the figure, with one dimension omitted. The layers are labelled from c0 to ¢5 and
f0 to f5 for clarity, and it does not represent the actual enumeration in the code
implementation.

For the interpolation scheme, our job is to compute the outer half (light blue part)
of the fine patch face, i.e., layers {0, f1 and 2, using the information of the volumes
in the whole face of the coarse patch. Mathematically speaking, we are looking for
a scheme mapping 6p* variables to 3 x (3p)? variables. We can, in principle, do
the mapping directly and create a matrix of size 27p? x 6p*. However, most of the
elements of this matrix would be zero, especially for low-order schemes due to their
block-type nature. It thus leads to a waste of memory and computational resources.
Therefore, we adopt the so-called tensor product approach to perform the mapping.

The idea here is to decompose the high-dimensional map into the product of the
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AMR boundary AMR boundary

o f | f2|f f4 f5
c0 cl c2 c3 c4 c5
Interpolation
—
—
Restriction
Face on Coarse Side Face on Fine Side

Figure 2.6: The illustration of the face structures on the coarse and fine side of a
refinement transition boundary. The mapping between them determines the strategy
of the refinement transition in the application. For the interpolation, we need to
derive the outer half of the fine face (the light red squares on the right) using the
information of the coarse face. On the other hand, we need to compute the outer
half of the coarse face (the light blue squares on the left) utilising the fine face for
a restriction scheme. The layers of the faces are labelled from c0 to ¢5 and {0 to 5
respectively, it is not the enumeration we employed in the actual code.
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one-dimensional maps. Assuming the volumes in the coarse and fine faces are Q) ; ;
and sz ;1o the interpolation map can be written as

Qljx = PiPhFinQimn: (2.43)

where P*, PY, and P* are the matrices responsible for the corresponding one-
dimensional map. As we shall have a symmetry for the two dimensions parallel
to the face normal, the two matrices for mappings along them are identical. In the
following content, we label the matrix for the mappings parallel to the face normal
as Pl and the one for the map along the face normal as P*.

In the current code, we implement two sets of matrices Pl and P+ with different
orders in accuracy. Matrix Pl should have a size of 3p x p, as it maps p coarse
volumes to 3p fine volumes; on the other hand, matrix P+ has a size of 3 x 6, as it
maps 6 coarse layers to 3 fine layers (remember only the outer half of the fine face
needs the interpolation). The first set of matrices Pl and P+ is for the piecewise

constant interpolation:

100 00
100 00
100 00 001000
Plo=1o1 000 .|, Pha=l001000]. (2.44)
01 0 00 001000
01 0 00

That means we use the value in the coarse volume (layer) if the targeted fine volume

(layer) is within it. It is the most straightforward interpolation one may have.
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The second set of interpolation matrices is for the linear interpolation:

4/3 ~1/3 0
10 0

2/3 1/3 0 0 1/3 2/3 0 0 0

| 0  Pitewe=10 0 1 0 00
0

0 0 2/31/30 0

‘Plinear = 1/3 2/3
0 1
0 2/3 1/3

o o o o o o
o o o o o o

(2.45)
In this scheme, we apply a simple linear interpolation to compute the value in the
fine volumes according to the relative positions of the closest two coarse volumes.
The extrapolation is used for those volumes at the edge of the considered fine face.
There is no such requirement in the P+ as all three layers of the fine face are inside

the coarse face.

The restriction, which is the reverse procedure of the interpolation, involves a
mapping from the whole fine face to the outer half of the coarse face (light blue part),
i.e., the layers ¢3, ¢4 and ¢5. Again, we adopt the tensor product for the restriction
scheme, which decomposes the matrix of size 3p? x 54p? into three one-dimensional

matrices. The tensor product formulation of restriction read as

where we label the restriction matrix as R. Similarly, we define the matrix Rl for
the mappings parallel to the face normal and matrix R+ for the mappings along the
face normal.

In the code practices, we incorporate two versions of matrix Rll: one for the
injection (constant) scheme and the other for the average scheme. However, only
one version of R is implemented in the code as the corresponding scheme of zero-

order accuracy yields significant numerical errors.
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The matrix Rl for the injection scheme is

01000000000
00001000000

Rliion=10 0000001000 (2.47)
00000000001

In this scheme, we utilise the value in the central volume per three fine volumes for
the coarse volume, as this central volume has the same central coordinate (in this
parallel direction) as the restricted coarse volume. The matrix Rl for the average

scheme is

/3 1/3 1/3 0 0 0 0 0 0 0 0
o 0o 0 1/31/31/3 0 0 0 0 0
Rlwe=]0 0 0 0 0 0 1/31/31/3 0 0
o 0 0 0 0 0 0 0 0 1/3 1/3

(2.48)
The average of the three corresponding fine volumes is used to assign the coarse
volume and provide improved accuracy.

The version of matrix R+ implemented in the code is

000 1/3 1/3 1/3
R-=looo0o o -2 3. (2.49)
000 O -5 6

This matrix uses a combination of average and extrapolation for the map along the
face normal. Notice the enumeration depends on the face orientation rather than
relative position. So the right half of the matrix instead of the left half represents
the inner part of the fine face (layers 3, f4 and f5).

The tensor product scheme we have described provides a quite convenient ap-

proach to implement refinement transition in low order accuracy. By enlarging the
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stencil, we can further increase the interpolation order, with a cost of computa-
tional overhead. In our current simulation test, low-order interpolation and average
restriction have already demonstrated rather smooth refinement transitions at the
AMR boundaries. However, some issues of inaccuracy and fluctuations still exist,
especially when we apply a linear scheme to scenarios with spherical symmetry. A
higher-order refinement transition scheme may help to solve those challenges. We
refer readers to the corresponding section in the application chapters for discussions
on them.

Besides an extension of the current tensor product scheme, another method for
achieving a high-order refinement transition is to use the big three-dimensional ma-
trix idea above, which maps the volumes between coarse and fine faces in three
dimensions directly. It has the unique advantage of having access to the diago-
nal neighbours of considered volume. Compared to the cross-shape stencil of the
tensor product scheme, the three-dimensional matrix employs a cubic stencil, thus
reducing the size of the stencil significantly to reach the same order of accuracy
as the tensor product. One possible scheme utilising the big matrix idea is the al-
gorithm introduced by McCorquodale and Colella, 2011. which assumes a Taylor
expansion around the considered volume. Rather than calculating the derivatives
as coefficients directly, it takes the coordinates and values in the neighbour volumes
and employs a constrained linear least-squares problem to fit the coefficients of ex-
pansions. The values in the targeted find/coarse volumes are then computed by
substituting the coordinates into the Taylor expansion. The implementation of this

scheme in EXAHYPE2 is currently in progress.

2.5 Particle Tracers as Data Probes

The last feature we introduced in this technical chapter is the tracer module. It is
based on the particle support of EXAHYPE2 (Weinzierl et al., 2016). Originally,
the particles have been introduced to support Particle-in-Cell codes. Nowadays,
we use the particle feature as the baseline for the smoothed-particle hydrodynamics

(SPH) code, where the particles themselves constitute the evolving subjects, and the
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Figure 2.7: An example of a set of initialized tracers in EXAHYPE2. The tracers are
illustrated as those white spheres in the domain. The set of tracers in this example
is used to perform spherical integrals in our numerical relativity application, see
section 4.1.5.

actual physical quantities are approximated based on the properties and interactions
of individual particles.

In our present projects, however, we employ the particles for a different purpose,
namely data probing or object tracking. Unlike in the SPH approach, the particles
are not evolving subjects anymore, instead, they are associated with the grid struc-
ture we described above and record the evolving variables during the timestepping.
Those particles allow users to examine the evolutions at certain points in more de-
tail, and provide trajectory information on important objects in the domain. That
is where the name “tracer” comes from, as they trace and track important features
throughout the simulations.

To incorporate the tracers into the application, one needs to declare particles
in the code and specify their behaviours. This procedure can be divided into three

segments:

o [nitialization. The first step to employing tracers is to initialize them, where
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the particles are added into and associated with the simulation grid. Users
are asked to provide the number and initial coordinates of the tracers they
would like to implement in the domain. Currently, EXAHYPE2 offers two
approaches for initializing the coordinates of tracers: users can set the co-
ordinates explicitly by writing them down in the Python script, or they can
provide a coordinate file that the interface reads and assigns the coordinates
accordingly. The latter approach is particularly efficient when injecting a large
number of tracers into the domain. Users also need to specify what evolving
variables the tracers need to plot. By default, the tracer would plot the whole
evolving system which may lead to a waste of storage space. An example
of initialized tracers is illustrated in figure 2.7. In this instance, we are im-
plementing a group of tracers for sample points derived from the concept of
spherical t-design (see section 4.1.5), these tracers are utilised to calculate the
spherical integral in our numerical relativity application. A total of 948 tracers

are deployed in the domain for this setup.

Data Projection. As we mentioned, the particles do not enter the evolution and
only record the values of quantities at their locations. One, therefore, needs
to decide how the values in the volumes are projected to the tracers. Similar
to what we do in Section 2.4.2, one choice is to project piece-wise constantly,
which directly assigns the tracer with the value of the volume that the tracer
is located. Another choice is to interpolate linearly utilising the values in the
closest 8 (4 in two-dimensional setup) volumes, which is our default projection
scheme in the current code. Another important feature users need to specify
in this segment is the movement of the tracers. When projecting evolving
quantities to the tracers, one can declare three certain quantities which are
used by code as the velocity field v; of the tracers themselves. If the velocity
field is declared, the positions of the tracers are updated throughout the time

evolving using an explicit Fuler solver

ottt = gl 4 ot (2.50)

49



where z! is the position of the considered tracer at time ¢. That allows tracers
to follow the vector field or flows in the simulation and the black hole tracker
module in our numerical relativity application is based on this feature. We
can, of course, leave the tracers at their initial places by not declaring the
velocity field. In this case, those tracers are utilised as static data probes

recording evolution at their positions.

e Data dumping. The last segment controls the data output of the tracers. By
default, the tracers dump the information they record every timestep as ar-
rays. The arrays appear as row entities in the final output file of the CSV
format. For large-scale simulations, the tracer output can be massive and
hard to process and visualized during analysis. Therefore, EXAHYPE2 of-
fers various thresholds to control the dumping of the tracers: users can ask
tracers to only dump at a fixed code time interval, or only dump when their
recording variables or tracking positions show a substantial change. Users can
also specify the output precision and set the maximal size limit for individual
CSV files according to their needs. When the maximal size limit is reached,
the code immediately writes the file into the disk and clears all the recorded
arrays from previous timesteps in the memory. This approach helps to reduce

the memory footprint of the tracer module significantly.

The tracer module is a rather flexible feature and is used in our applications exten-
sively. However, we shall point out that the results we will report in the following
application chapters do not heavily rely on this module. The primary focus of those
chapters is the overall analysis and discussion of the simulation results, therefore
will be mainly based on the global snapshots. Nevertheless, there are still some
results that do make use of the tracer module, such as the black hole trackers, in
our application. We refer readers to the corresponding section for more details on

this.
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CHAPTER 3

Application: Spherical Gas Accretion under the DGP Gravity

In this chapter, we present the application that we have implemented on EXAHYPE2
for simulating the spherical accretion scenario of gas. The physics background of the
application is covered in section 3.1, including an introduction to the modified DGP
model we use in the code and how self-similarities are achieved in both standard
and modified gravity. The solution in the standard gravity is a review of the result
of Bertschinger, 1985 and the theoretical derivation for the modified gravity is com-
pleted by Baojiu Li. We then describe the code implementation of our application,
in section 3.2, focusing on the specialised treatment designed for the spherical col-
lapse scenario and how they contribute to accomplishing a stable and well-behaved
evolution. The test results are illustrated in section 3.3 and a discussion of the the-
oretical consideration and existing issues is given in section 3.4. The work in these
three sections is completed by the author.

The content in the chapter is mainly based on the published paper: Han Zhang
et al. “Spherical accretion of collisional gas in modified gravity I: self-similar solu-
tions and a new cosmological hydrodynamical code”. Monthly Notices of the Royal

Astronomical Society 515.2 (2022), pp. 2464-2482.
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3.1 Theoretical Background

We present the physics behind the spherical collapse scenario we investigated and
implemented in the code in this section. We first introduce the general DGP grav-
ity. To achieve self-similarity, we need to apply slight modifications to the original
formulation. The test model we derive from it accordingly is discussed. We also give
a brief review of the self-similar solution in an Einstein-de Sitter universe discovered
by Bertschinger, 1985 and derive the self-similar solution for the modified version
of the DGP model following a similar approach. We then compare the behaviour of
the solutions in this model, for several different parameter choices, with that of the
EdS model. This analysis reveals some interesting features of the solutions, which
will be discussed in the corresponding section.

Throughout this paper, we assume that the background cosmology is that of
the Einstein-de Sitter (EdS) universe, i.e., a flat matter-dominated background(for
simplicity we assume that this still holds even in the DGP models). It used to be the
standard cosmological model before the ACDM model and replaced it in the face of
growing evidence that the cosmic expansion rate has been accelerating at late times,
and it still serves as a good approximation for the real Universe between redshifts
~ 300 and ~ 2. The EdS universe assumes a zero cosmological constant and flat
spatial curvature, and the equation of state of its non-relativistic matter content is
P(p) = 0. With these parameters, the evolution of the scale factor of the universe,
a, can be derived analytically from the Friedmann equation as a(t) = Ct*?, where

t is the cosmic time, C' = taz/g

is a constant and t; is the cosmic time today (when
a = 1). This is an important assumption we will use to derive the self-similar
solution later. No specific unit system is used in this application, and we discuss

the conversion between code units and physics units in section 3.2.1.

3.1.1 The DGP model

The Dvali-Gabadadze-Porrati (DGP) braneworld model is a modified gravity model
in spacetime with an extra, fifth, dimension. The base assumption of this model

is that the universe is a four-dimensional “brane” embedded in a five-dimensional
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spacetime, which is called a “bulk”.

This model provides an explanation as to why gravity is much weaker than other
fundamental forces: all matter components are assumed to be confined on the brane,
while gravitons could propagate through, or leak into, the extra spatial dimension.

The spacetime action of the DGP model is given by

R R®)
g_ o /o Par/—g® 2 3.1
Arane ! g 167TG * Aulk ! g 167TG(5) ’ ( )

where R is the Ricci scalar, g is the determinant of the metric tensor, G is Newton’s
constant, and the superscript ) means the corresponding quantities live in the
five-dimensional bulk. Others without it are normal four-dimensional quantities.
The modified Einstein equation for the DGP models can be derived from the vari-
ation of the gravitational action equation (3.1), which further leads to the following

modified Friedmann equation that governs the cosmic expansion history H(a):

Hla) _

7 V Qo3 + Qpgla) + Qe = v/ Qe (3.2)
0

where Hy = H(a = 1) is the Hubble constant today (when the scale factor is a = 1),
Qo is the present-day density parameter of matter (we have neglected the presence
of radiation and massive neutrinos here since they are not relevant for the interest
of this work), Qpg(a) represents the density parameter of a possible additional dark
energy species at time a, and Q.. = ¢?/(4HZr?). Here, 1. is the so-called crossover
scale, which is a new free model parameter that indicates the scale above which the

gravity begins to deviate from the standard Einsteinian:
= ——. 3.3
re=> (33)

It is easy to see that, equation (3.2) goes back to the usual form of the Friedmann
equation when Hyr. — oo.

The =+ in equation (3.2) shows that this model has two branches of solutions.
There is a “self-accelerating” branch (sDGP, the “4” branch) that can realise an

accelerated Hubble expansion at late times without the need of a cosmological con-
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stant or dark energy, i.e., Qpg(a) = 0. However, this branch has several unsolved
theoretical issues (Koyama, 2007). Additionally, its predicted cosmological history
is significantly different from that of ACDM and the observation also disfavours this
model (e.g., Song, Sawicki, and Hu, 2007).

The other branch, the so-called normal branch of DGP (nDGP) gravity, where
equation (3.2) takes the “—” sign, can not provide an accelerated Hubble expansion
by itself, and thus some additional dark energy component is needed (Qpg # 0) to
explain the observation. This model has attracted much attention in recent years
as it serves as a useful testbed of the Vainshtein screening mechanism (e.g., Brax,
2013), despite its unappealing property of being still in need for additional dark
energy. We will describe Vainshtein screening in more detail below.

The (modified) Poisson equation of DGP gravity and corresponding equations
of the scalar field has been derived by Koyama and Silva (2007):

1
V2® = 4nGa*Spm, + §V2g0, (3.4)

and

2 2
T 2 2 oo 2] ST Ga
3/6 a202 [(V @) (vlngp> ] - Sﬁ

where ® and ¢ are the gravitational potential and the scalar field of the model,

Vi + 0P, (3.5)

respectively. They are also known as the brane-bending mode, which represents
the position of the brane in the fifth dimension. V is the spatial gradient (wrt to
comoving coordinates), ¢ is the speed of light and dp, = pm — pm is the matter
density perturbation (throughout this paper an overbar denotes the background

value of a quantity). f is a time-dependent function:

fla)=1+2Hr, (1 + %) , (3.6)

for the two branches, which for the normal branch can be simplified as

Qrn()a_3 + 2Qrc

pla) =1+ s

54



While we are interested in the DGP model, our main focus in this paper will be
the effect of a fifth force that is mediated by the scalar field ¢, denoted by the second
term on the right-hand side of equation (3.4). To gain flexibility and to ensure self-
similarity of the resulting model behaviour, we take the liberty to keep the main
features of equation (3.5) but allow deviations from the exact behaviour of the sDGP
or nDGP models. More explicitly, we will promote 7. to a time-dependent function,
and also allow 8 to differ from equation (3.6). We remark that such variations
from the original DGP model are not uncommon in other modified gravity models
involving the Vainshtein mechanism, notably the cubic Galileon (Nicolis, Rattazzi,
and Trincherini, 2009; Deffayet, Esposito-Farese, and Vikman, 2009) and the Proca
(Heisenberg, 2014) theories. Our modification leads to losses of certain properties
of the original DGP model, such as being an interesting alternative to A to explain
the cosmic acceleration. Yet, the latter is not the focus on this work. In the
context below, we call our modified DGP model the Self Similar Test (SST) model
to indicate that this is a test case involving a modified gravity mechanism and self-
similar property. This case is designed as a toy model achieving self-similarity in an

enhanced and screening gravity and is used for code experiments of EXAHYPE2.

3.1.2 The Self-Similarity in Spherical Collapse

In this subsection, we describe the self-similar collapse of collisional and non-radiative
gas in some models. We first review the classic result from Bertschinger (1985),
which applies to standard gravity in EdS universe. Then we proceed to show that
self-similarity can also be achieved in the SST model with Vainshtein screening.
These can be used as a test case to verify our numerical implementation with EX-
AHYPE2 for both the standard and modified gravity scenarios, though our imple-
mentation of modified gravity is not restricted to the SST model where self-similarity

holds.
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Einstein-de Sitter universe

Consider a uniform spherical overdensity region in the matter-dominated universe

background. Its initial condition can be written as

1 1"‘51 r < R;

e (38)

p

1, r > R;,

t; < to is the initial cosmic time for this scenario to begin, d; = dp/p < 1 the
density contrast at ¢;, where p = p(t) and dp are respectively the mean matter
density at time ¢ and the density perturbation, and R; is the initial radius of the
spherical overdensity region. At the beginning, the Hubble flow is approximately
unperturbed as §; < 1. Thus, we have v; = H;r; and H; = 2/(3t;). As the universe
expands, the matter inside R; starts to decelerate and decouple from the Hubble flow
because of the slightly higher density. At some point it stops expanding completely
(so-called “turnaround”) and turns into a collapse. The turnaround for the mass

shell at R; initially happens at a cosmic time and max radius (Bertschinger, 1985)
_ 3T 3/2 _ pos—1
lita = Z(Si tiy Tita = Ri0; ", (3.9)

where the subscript ., stands for “initial turnaround”. Matter inside the initial
overdensity region starts to collapse first and all matter there infalls at the same
time. No shell crossing happens. The matter initially in more distant shells (i.e., at
initial radii r; > R;) will start to collapse in progressively later times. The radius
at which they turn around can be calculated using the Lagrangian picture. For the

mass element initially located at r;, its evolution obeys the Newton’s gravity law:

d?r _Gm

@ — 7. (3.10)

Here m accounts all mass interior to the shell we are considering. As no shell crossing

happens during the evolution, it can be written as

4 3 Ry 4 3
m=m(r;) = 3R 1+ 5ir—3 = TP (1+A), (3.11)

7
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where p; = 1/(67Gt?) is the background density at ¢; for an Einstein-de Sitter
universe. It also defines A = §;R?/r3. The equation (3.10) then can be recast using
the following dimensionless time and radius variables, 7 = t/t; and y = r/r;, as
y _ 2(144) 2 (3.12)
drz 9 y? '
Integrating this equation twice and using the assumption A < 1, the solution

can be expressed implicitly as (Bertschinger, 1985)

(0 —sinf) A=3/2 = dAT3/2, (3.13)

T =

>~ w

with
yA = sin® g =, (3.14)

where we have defined the variables d and 7 for later use. As turnaround happens
when y reaches its maximum, this yields to 6, = m (where a subscript g, means
“turnaround”). From equation (3.13) this corresponds to a time 7 = (37/4)A=3/2
and y. = 7/ = AL Combining these two expressions with the relationship
between §;, A and R; given in equation (3.11), it is straightforward to derive the

following expression of the turnaround radius:

3 —8/9
rta(t)z(fti) SR for t > tya. (3.15)

Now we switch to the fluid picture. The motion of a collisional gas in this system

is governed by the gravity-driven Euler equations:

% _ {%+v£}p:—p%%(r21}>, (3.16)
% _ _%%_2_2”, (3.17)
%@p—v) — (3.18)
%_T = dnr?p, (3.19)

where p = p(r,t), v = v(r,t) and p = p(r,t) are the density, velocity and pressure
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of the fluid at radius r and time ¢. m = m(< r) represents the total mass within a
given radius r, and v the adiabatic index. We now use equation (3.15) and define

the new radial coordinate:
A=, (3.20)

Tta

as well as the dimensionless quantities V, D, P and M:

o(r,t) = %vm, (3.21)
p(r,t) = puD(N), (3.22)
pt) = pn ("2) POV, (3.23)
m(rt) — %”pHrgaM(A), (3.24)

where pg = pp(t) is the critical density at time ¢, which is equal to the mean matter
density pu(t) in the EdS model. These allow us to cast equations (3.16) - (3.19) as

the following new dimensionless fluid equations (Bertschinger, 1985):

8 D
(V — §>\) D'+ DV’ + 25V =2D =0, (3.25)
8 , 1. P 2M
8 P D 20
— - — =] = =-2 2
M = 3X\°D, (3.28)

where a prime means the derivative wrt A. Those equations only have one variable
A and thus could be solved directly given proper boundary conditions (see Section
3.1.3 below). No further time or length scales are involved, which means that the
solutions to the system would remain identical throughout the evolution if expressed
in terms of the A coordinate. This is where self-similarity comes from. Obviously, if
any new terms added in equations (3.16) - (3.19) depend on other scales besides A,

the solution to that new system will deviate from this self-similar solution.
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SST model

In the spherically symmetric system, the scalar field equation (3.5) gets simplified
significantly (see, e.g., Li, Zhao, and Koyama, 2013):

2r2 1 0 8@
36c2r2 or or
This equation does not contain scale factor a as we use physics radius here. We then

define

1
[73 aﬂ _ G (3.29)

o] 3

m(r) = 47r/ S pm (r)r'?dr’| (3.30)
0

where we have used m to distinguish from m(r) introduced in equation (3.10), since
m does not account for the background matter density. equation (3.29) then can be

integrated once to give:

gn(r), (3.31)

2r2 1 8_@ dp 2 Gm(r) _ 2
36c2r \ Or

solving which gives the radial gradient of the scalar field directly as

22 1 2
—1+\/1+4 ‘e ] (3.32)

dp [2 212 1]‘1

ar  |“382r 362 380N

where we have dropped the other branch of solution that is unphysical. The equation

could be simplified further by defining the “Vainshtein radius” ry as follows:

1672

3 [
ry, = —<GMm (1) . 3.33
\% 96202 ( t ) ( )
Note that here we have used m within 7, (t) to define the Vainshtein radius, which
differs from the usual definition that only accounts for the mass within the tophat
radius — this is for convenience because in this way we end up with a generic

expression that does not depend on the particular size of any tophat. Now the

gradient of the scalar field reads as:

dp

\_/

_ A rm(r

4 73
or 3815 m(r,t)

\/1 LTt 1] gn(r). (3.34)



Note that d¢/0r determines the strength of the fifth force, and one can easily see

the following limiting behaviour:

Op 2

o = %QN(T), r>>ry,

0 2

a—f < %gN(r), r <L ry. (3.35)

If the scale of studied problem is significantly smaller than the Vainshtein radius ry,
the gradient of the scalar field is also much smaller than that of the Newtonian po-
tential, such that the fifth force is negligible compared with the standard Newtonian
force. This is the idea behind the Vainshtein screening.

Our next step is to try to recast the expression of the fifth force in the self-similar
form (which, needless to say, is not always possible) similar to what we get above for
the Einstein-de Sitter universe. This means that we hope that the ratio between the
fiftth force and standard Newtonian gravity, i.e., the coefficient in front of equation
(3.34), depends on time ¢ and radius r only through the combination r,(t). We
again define A\ = r/r,; note that this r, is the same as in equation (3.15))— this is
mainly for convenience, but it does mean the r, in this expression is no longer the
true turnaround radius in the SST model. The mass can then be rewritten, using

the definition of M (\) given in equation (3.24), as
) = —purd, [M(A) — A*] = — pyr M(N). (3.36)

As mentioned above, we have removed the contribution from the background mass

as the fifth force only depends on density perturbations. The Vainshtein radius now

reads as
16r2 273, .

3 _ c ta

’T’V = 96202§t_2M<1)’ (337)
so that X

ﬁ B 161”3 i]\/[(l) (3.38)

3 9B62¢29t2 23 '
and

m(r,t) M\
m(rw)  M(1) (3:39)
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These mean that R
ry m(rt)  16r2 2 M(N)

C

3 m (1) 9522912 \3

(3.40)

To achieve self-similarity, we need to ensure that equation (3.40) only depends on A.
The t dependence of r?/3%t* needs to be cancelled out. However, 8 also appears in
equation (3.34) in the overall factor 4/(33), and thus should be constant over time
to avoid reintroducing an explicit ¢ dependency. This then leads to . o< t o a®/?,
with the second proportionality true in an Einstein-de Sitter universe.

Denoting 7.(t) = re(t/to), where ¢y is the cosmic time today and 7. is the value

of r. at tg, and defining the dimensionless constant

_ro X (tft0) _relt) _ 3BH@r) _ 3o

T'co
=10 _ — = A1
¢ cto ct ct 2c 2c (341)
we get X
&m(r, t) _ 32¢% M () (3.42)
r3m(re) 8182 A3 '
Therefore, the solution can be written as
dp 278 N3 32¢2 M(\)
— = —=— 1+ —= -1 : 3.43
or 5wy |\ e ) (343)

This expression shows that the fifth-force-to-Newtonian-gravity ratio can be written
in a form that only depends on A, which satisfies the requirement of self-similarity.
It is straightforward to show that the coefficient of gy in the above equation is
always smaller than 2/(3/), which means that the Vainshtein screening always works
(though not necessarily always strong).

Let us briefly comment that, according to its definition in equation (3.41), C is
the ratio between the crossover radius r.(t) and ct. The latter can be considered as
some characterisation of the size of the Einstein-de Sitter universe (actually it is 3ct).
Therefore, the fact that this ratio is a constant in time implies that the Vainsthein
screening mechanism is always effective on scales that correspond to a fixed fraction
of the size of the universe, and therefore it should not be surprising that the self-

similar properties of the EAS model have been preserved for this particular choice of
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re(t). Since r. characterises the length scale beyond which gravity is modified in the
SST model, we expect that for any physically interesting scenario we need to have
¢ ~ O(1). The choice of ¢ = 2/3, for example, corresponds to Hyr./c = 1, which
leads to a similar Vainshtein screening efficiency to that for a typical parameter
choice in studies of the nDGP model for the same value of .

The actual strength of the fifth force is %8—, which means that the final expression

for the fifth-force-to-Newtonian-gravity ratio is given by

)= 28 N \/1+£<2M<A)—1 | (3.44)

16¢2 M (N) 8132 A3

Turning to the derivation of the self-similar equations in the SST model, i.e., the
counterparts of equations (3.25) - (3.28), it is evident that only equation (3.26) needs
to be modified. It is the only place where the law of gravity enters the calculation.
However, instead of simply multiplying the —9 /\2 by 1+ &(A), the correct final
version of equation (3.26) is slightly more complicated. This is because () is the
ratio between the fifth force and gy, which itself does not receive any contribution

from the background matter density, c.f., equation (3.31). On the other hand, the

2 M

term —55 contains contributions from the background matter. Taking this into

account leads to the following SST version of equation (3.26):

8 P 2M 2M
V—=X V’——V————————— A 3.45
( 9 > 9 D 99X 9\ () (3.45)
or equivalently
8 1 P 2M 2
V- AV -V=-x-=-=1 A —AE(N). 3.46
(V=52 ) V- gV =5 - g+ e+ . (o)

A similar modification also appears in the SST counterpart of equation (3.10),

which now reads

=5 (14 8) 5 1+ €]+ 5 Fem), (3.47)

where ¢ has been defined in equation (3.44), but is now expressed in terms of the
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dimensionless radius and time, y and 7. More explicitly:

_ 2P y® 3202 1+ A
6_M?O+Mﬂ—ﬁ[¢ukmﬁ<szLJ)—q- (3.48)

This equation is needed for the exact solution of our equations in the next section.

Before concluding this subsection, let us note that one limit of the SST model

arises from ¢ — 0, in which equation (3.43) approaches

8_@ 2

5 %gN(r), (3.49)

and so the fifth-force-to-Newtonian-gravity ratio approximately becomes 1/(3(),
which is the linear-regime (i.e., no screening) solution. This corresponds to a time-
and scale-independent enhancement of Newton’s constant by a factor of 1/(30) since

we are assuming (5 to be a constant here.

3.1.3 Theoretical Solution of Self-Similar behaviour

Our next step is to find the exact solution to our self-similar equations equations
(3.16) - (3.19): the profile of D(X), V(A), P(A) and M(\).

At the beginning stage, the spherical collapse can be described by a pressureless
infall. Outside the radius of the tophat, the inner spherical shells infall at a greater
speed than the outer shells, meaning that there is no shell-crossing or squeezing.
However, when the infall speed of a given shell increases to a point where it exceeds
the sound speed ¢, of the fluid, the shell impacts upon the fluid element inside
it before there is enough time for the latter to adjust. A discontinuity of fluid
properties, such as velocity, pressure and density, then starts to arise there, which is
known as a shock. The shock location is our primary quantity of interest when we
validate the outcome of our simulation. We assume the shock happens at radius r, or
As = 75/ (the subscript s means shock), where we can apply the Rankine—Hugoniot

jumping conditions, written in dimensionless forms:

DyVy = D\V; + (Dy — Dy) Vi, (3.50)
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DoV 4 Py = DyViE + P+ (DoVa — Di1) Vi, (3.51)

voR 1, vobR 1,
DV [ =2 42v2) —Dvi [ =2+ 2V,
“( * 2) 11(7—1D1+21

1 P 1, 1 A 1,
v Dy (— 2 212) D [ — L 22
%[2(7—1D2+2%) 1(7—1Dl+zm)]

Here, a subscript 1 or 2 is used to denote the preshock and postshock values of

(3.52)

a quantity, respectively, and V; is the dimensionless speed of the shock position
itself. Physically, the three jumping conditions represent the continuity of mass,
momentum and energy across the shock.

One can analytically calculate the preshock solutions in terms of A\, using equa-

tion (3.12) and its solutions, equations (3.13) - (3.14) for A < 1:

d2’l7_3

D, = == 3.53

! 1+ 3y, (3:53)

P, = 0, (3.54)

Vi = A sin 0 (05 — sm2¢93)’ (3.55)

(1 — cosby)
M, = Nd’n;3. (3.56)
where 0, = 0 (7,), ns = sin’ 0?5 =y, A, dy = %(98 — sin#y) are the values of n and d

Ve

- Combining equations (3.50) - (3.56), we get the boundary

at 0, and, x, =1—3
condition for the other side (post side) of the shock:

v +1
Dy, = ——D )
2 7_1 1 (357)
8 v—1 8
Vo = A+ ——(Vi—2A, ), 3.58
2 9 +7+1(1 9 ) (3:58)
2 8 \?
P= — D (Vi—2)]) 3.59
’ 7+1 1(1 9 ) (8.59)

The entire postshock solution can then be obtained by numerically integrating equa-
tions (3.25) - (3.28) inwards from A = A, using these boundary conditions. However,
since g is not known a priori, this is a trial and error process where the value of

As is updated iteratively until when the corresponding solutions meet the following
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Figure 3.1: Self-similar solution for gravity in Einstein-de Sitter universe and SST
models with different ¢ choices. Rescaled D(\), P(\), V(A\), M(\) are plotted.
The value of ¢ indicates the strength of the Vainshtein screening. It gets more
efficient when ¢ gets bigger. The case ( = 0 means there is no screening, i.e., The
modification of SST are equivalent to a constant enhancement of gravity all the
time. All curves here are obtained by using A = 0.001.

physical boundary conditions in the centre of the system:

V(A =0) =M\ =0) = 0. (3.61)

This is how Bertschinger, 1985 got his self-similar solution and we plot our repro-
duced result here in Figure 3.1.

While the use of the 6 variable to write the solution to equation (3.12) in the
implicit forms of equations (3.13) - (3.14) is convenient, this is impossible for the SST
model where the corresponding spherical collapse equation takes a more complicated
form. However, the introduction of 6 in the EdS model is largely a matter of choice

for convenience, and the same physics can be produced using 7 as well. Because

65



this is what we shall use for the SST model, we decide to also use 7 instead of 6
to obtain the numerical self-similar solutions for the EAS model. This means that
we need to express the preshock solutions to D, P,V and M at 7,. For the velocity,

using its definition

roT W T ()
vV=— = — —_ = = e T
dt tzy ty(r J t y(T)y ’
we obtain
-
Vi )\s = As - Z)s, 3.62
(A) y (75) (862
where an overdot denotes the derivative wrt 7, and 5 = y (75). For M, using
M=——="[(-—"] (1+A),
%pHrga P (Tta) ( )
we have 53
3m 1+A
Mi(Ds) = | — s :
o= () 5 (3.63)
For D, using
ey = WMAr () e
AT gy A (- 3)
we have
2 1+ A
Di(As) = —g7 i (3.64)

Y2 (ys - %3—:) .
For P, we have P, = ( again.

The following steps are the same as before. We can use the Rankine-Hugoniot
jumping conditions to obtain Dy, P», V5 and Ms, and numerically integrate the equa-
tions again to find the postshock solutions. This time we need to vary 7, for our
trial-and-error process after A is specified. y, and g, can be calculated numerically
from 7 by using equation (3.10) for the EdS model and equation (3.47) for the SST
model. For EdS, we have explicitly checked that using the 7-based approach to set
up the boundary conditions for the postshock solutions gives the identical answer

as using equations (3.53) - (3.56), as expected.
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We summarise our result for self-similar solutions in SST gravity within Figure
3.1. The black curves in the figure are the self-similar solutions to D, P,V and
M for the EdAS model, which we find to be in excellent agreement with literature
results (e.g., Bertschinger, 1985). The coloured curves show the results for several
variants of the SST model described in Section 3.1.2, with the case ¢ = 0 (red)
corresponding to a constant enhancement of G by 1/(3/). The cases with ( = 1,
5 and 10 represent progressively more efficient Vainshtein screening, which explains
why they are in between the EdS and ¢ = 0 cases. In particular, we see that at
¢ = 10 the screening is already very efficient so that the brown curves are very close
to EdS. The qualitative trend also agrees with what one should expect for a model
with enhanced gravity: the infall becomes faster such that the preshock solution
of V' becomes more negative and the shock happens at a larger radius; the density
D and pressure P are also higher due to the stronger structure formation, and the
latter explains why the enclosed mass M within a given radius is larger.

The SST results in Figure 3.1 are obtained with the parameter A = 0.001. The
A dependence of the solution, which we have explicitly checked, can already be seen
at the equation level, cf. equations (3.62) -(3.64), and also in Fig. 3.2, where we
show the two sets of self-similar solutions for two models, EdS (dashed lines) and
SST with 8 = 1.0, = 1 (solid lines). Different colours indicate the value of A for
each curve, as shown by the legends. We can see that the SST model has a very
strong A dependence. A similar dependence is also present in the EdS case, but is
much weaker there — indeed, it is known that in EdS there is approximately no A
dependence in the limit A < 1 (Bertschinger, 1985). This A dependence comes from
our choice of using the turnaround radius r,(7), given in equation (3.15), to define
the dimensionless coordinate A, where r, itself depends on A. For the EAS model,
rescaling r using this turnaround radius helps to cancel out the A dependence from
equation (3.12), because this ry, is calculated from the same dynamical equation and
has the physical meaning of where the shell starts to collapse. But such a cancellation
should not be expected to happen when we use the same equation (3.15) to define
A for the SST (and generally other gravity) models, since it does not represent the

true turnaround radius anymore.
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Figure 3.2: Two sets of the self-similar solutions are presented here, with the dashed
lines for standard gravity in EdS and solid lines for SST model of § = 1.0, ( = 1.
Different choices of A are indicated by colours. The A dependence in EdS case is
negligible as the solutions assume the limit A < 1 (Bertschinger, 1985). On the

other hand, the results for SST model shows a clear dependence on A, which we
explain in the text.
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Figure 3.3: The new self-similar solutions of SST models with the same ( choices as
in previous figures, after the re-rescaling’. Those curves now have little dependence
on A, and behave closely to the EdS cases.
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Using the same ry, to define A in all models above certainly has its advantages.
One of these is that equation (3.15) is an analytical function with a power-law
dependence on 7, which is convenient when deriving the dimensionless equations
governing the self-similar evolution. It also allows these equations to take a similar
form between the SST and EdS models. For example, equations (3.25) - 3.28) remain
almost the same for the SST model, with only some slight changes of equation (3.26)
to equation (3.46). In addition, Figure 3.1 clearly shows the effect of modified
gravity law on the collapse of collisional gas and on the formation of shock: this
also benefits from the fact that we have used the same ‘turnaround’ radius, r,(7),
to define the rescaled quantities in all models, so that the differences in the rescaled
quantities reflect the differences in the same quantities pre-rescaling. Nevertheless,
for theoretical interest, we also want to see the results when we actually define A
using the true turnaround radius of each model. Because there are no analytical
expressions for 7, for the SST model, this has to be done in a “post-processing”
way: after getting the profile V(\) by following the above steps, we can obtain the
real turnaround radius in the preshock V() solution, by looking for the value of A},
where V(A{,) crosses 0; we then get the correct turnaround radius as:

Ty = (i—i:) Tia = QTta, (3.65)
and use r{, to rescale our solutions for the other quantities, which is equivalent to

performing the following ‘re-rescaling’:

a i),
D,

a 2P,

a™ v,

= = v o o>
R A

a=3M. (3.66)

The new result is summarised in Figure 3.3. While we only show the results obtained

by using A = 0.001 here, we find that using A = 0.01, 0.1, 0.2 give very similar
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results. One notable property is that the new rescaled profiles are very close to that
in Einstein-de Sitter universe, i.e., the SST model behaves similarly to standard
gravity if expressed in terms of the A\ coordinate which is defined using the true
turnaround radius of the model. As the real physical evolutions of these models are
very different, this similarity is quite interesting, since it suggests that self-similarity
works (at least to a good approximation) in more general models than just EdS.
As we shall see below, this “re-rescaling” idea using the true turnaround radius
can also be applied to the numerical simulation result from EXAHYPE 2, and help

to check its reliability in handling this scenario.
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3.2 Code Implementation

We present how we configure the spherical collapse scenario on the EXAHYPE2 in
this section. We will not cover the general technical details of building applications
here as they have been covered in chapter 2. This section focuses on the code designs
and implementation specialised for this application.

Compared to our Numerical Relativity application that will be introduced in
chapter 4, the spherical collapse application is rather simple, but still require special
treatments to achieve a stable and well-behaved simulation. Several techniques we
reported in chapter 2 are designed and implemented driven by the development of
this application. We are currently using the Rusanov Finite Volume solver (Section
2.2.1) with AMR support of EXAHYPE2. The resolution transition (interpolation
and restriction) utilizes the tensor product scheme discussed in Section 2.4.2 with an
accuracy of linear. The volume mass counting and the spherical mass interpolation
are implemented using the Code Extension feature introduced in Section 2.1. This
application also supports the particle tracer module (section 2.5) of EXAHYPE2,
but our results reported in section 3.3 do not rely on this.

In the content below, we first discuss the code unit system adopted in our spher-
ical collapse application. We then outline the simulation setups that we used to
produce the reported results. Following that, we dedicate a separate section focus-

ing on the implementation of initial and boundary conditions.

3.2.1 Code unit

To solve the system of equations numerically, it is usually convenient to recast them
by using dimensionless quantities. In the EXAHYPE2 implementation, we adopt
the so-called supercomoving coordinates, which are used in other simulation codes
such as RAMSES (Teyssier, 2002).

The original formulation of this coordinate system could be found in Martel and

Shapiro, 1998. Its idea is to apply the following rescaling of the variables:

- dt
dt = H0—2,
a
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Here p,, pm(t) are respectively the critical density today and mean density of matter
at time ¢; L is the comoving size of unit code length; d¢, x and w denote, respectively,
the (physical) time interval, physical coordinate and peculiar velocity. We use the
quantities with a tilde in our code, we therefore call them code units in the following
context.

The supercomoving coordinate system factors out most of the effect from the
Hubble expansion, and thus allows us to implement the original fluid equations
(3.16)-(3.19) in a static space with just minor changes. For the special case v = 5/3,
the only change of the fluid equations is a re-calibration of the gravity term in
equation (3.17), which now needs to be derived from the following code-unit Poisson
equation:

~o~ 3
Vi = 5Qmoa(ﬁ —1), (3.68)
where ® is the Newtonian potential in code unit

~ a’d
b =——70. 3.69
Solving equation (3.68) under spherical symmetry gives us the following solution of
the Newtonian gravitational force § = —d®/d7 (again, in code unit):

3 1 0M(< 7)

- 3 1 (" <12 1
= —§Qm0af—2/0 [p(7) — 1]72di" = —§Qmoaﬁ R (3.70)

where we have defined §M (< 7) to be the total “mass perturbation” within radius
7, 1.e., the difference between the total mass therein and the mass in the same region
were the density there equal to p,,. For other fluid equations, we only need to replace

physical quantities with code quantities directly. For cases v # 5/3, extra terms are
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needed for supercomoving coordinates (although they are straightforward to derive),
which we do not cover here.

The generalisation to calculate the modified gravitational force in the SST model
is straightforward: we multiply the fifth-force-to-Newtonian-gravity ratio & given in
equation (3.48) to equation (3.70) directly to obtain the fifth force in the SST model.
Most terms in equation (3.48) are constants or time-dependent functions, and the
only term that needs to be rewritten in the code unit is
4%,01'7”? (1+4) , m(ri,ti)

1= 2ol=t2
y? %ﬂpﬂ‘?’ %ﬂpﬂ“‘g

, (3.71)

where we recall that r; is the initial radius of the fluid element located at r at time
t, and m (r;,t;) is the total mass enclosed within r; at the initial time ¢;. As no
shell crossing happens during the evolution, the mass within the radius of this fluid

element remains the same, which means:

1+ A <t
—+3 2o1= —mfﬂ s )2 1, (3.72)
Y 3 Pl
where m(< r,t) denotes the total mass enclosed in radius r at time ¢ > t;. In
our code implementation, the mass is calculated by counting volumes (see Section
3.2.2 below), and thus m(< r,t) = 37 pk(t)€}, where the subscript k labels the

volumes, ¢, is the cubic size of volumes k, and pi(t) is the density (all in physical

units). Notice that we have:

Pk(t)Tz _ Prpu(®) _ prpn(t)
Pi piT 2 pu(t)

= Pk (3.73)

in the Einstein-de Sitter universe. Putting equation (3.73) back to equation (3.72),

we get
1+A il o — )G SM(< 7
+3 7_2 1= ZTIZ:T fk k 1= Zrk<r££k3 ) k _ 475 ~3T)7 (374)
Y e E E
where in the second equality we have used 7% = Y7 _ (3, while in the final

equality we have replaced ¢, and r with their code-unit expressions, /), and 7, which
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Figure 3.4: Left Panel: The adaptive Cartesian grid used in our simulations, with
patches and volumes that we describe in chapter 2 therein. The patches with p =3
(i.e., every patch contains 3* volumes) are separated from each other in the visualisa-
tion with gaps for clarity. Three levels of the grid are shown here. Only one-quarter
of z-y plane taken from a slice of the simulation box perpendicular to the z-axis is
plotted. The diagonal lines are visualisation artefacts as we use cubic finite volumes.
The refinement transitions are conservative, i.e., they are slightly larger than the
resolution transitions imposed by the refinement strategy. Right Panel: The density
field (in code unit) on the same slice for a snapshot during a simulation. Some
fluctuations of the density field could be seen out of the central peak, as we discuss
them in Section 3.2.3.

does not change the ratio £}/r®, and used SM(< 7) = 3. - (pr — 1) 3. Bquation

(3.74) is the final code expression that we use in our simulation.

3.2.2 Simulation setups

In the simulations, we implemented the original conservation form of the (gravity-

driven) Euler equations in the code unit:

85 .
Tiv.3 =0 3.75
N o TV : (3.75)
6.7 ].~, ~ - ~
“iv.|= 1) = 3.76
o7 T (ﬁy ®7 +p) I (3.76)
OF 1~ - 1- -
— V —1 E D — -7 - , 377
ot (59( +p)) p f (3.77)
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where p, 3, E, p represent the density of mass, momentum, energy and pressure
in code unit respectively, f = pg is the force density with ¢ the gravitational
acceleration, which is proportional to M (< 7)/72. We consequently obtain Q=
(7,7, E) in equation (2.1).

All simulations we presented in this paper use the same grid setup on a cubic
box [—1.5,1.5]>. The maximum refinement level within the tree formalism is 3, cor-
responding to a resolution of 2433 patches on the finest level. Every patch contains
27 volumes again (p = 3). We coarsen this mesh once at a distance of 0.5 (in code
units) away from the origin and coarsen it once more at 0.7. Figure 3.4 illustrates
the AMR refinement pattern we used for the simulation. The exact refinement pat-
tern is chosen such that it covers the refinement radii. The safety parameter (CFL

ratio) we use in equation (2.17) is C' = 0.3.

Mass Integration

Most of the terms in equations (3.75) - (3.77) can be implemented in ExAHYPE2
directly as part of the Rusanov scheme on Cartesian meshes we describe above
because they are all localised variables, i.e. follow up the updated pattern of any
Finite Volume scheme. However, the gravitational force

s . 3. OM(<7)
p— pr— —Q ——
[fl = plgl = 5Qmpa——

(1+¢), (3.78)
is not localised as we will need the total perturbed mass within radius 7. To get
SM (< 7), we construct a mass array {67 }o<i<i,... which stores the total perturbed
mass values within radii {7; }o<i<i,... Here fpax = Ti—i,., iS chosen to be the radius
of the largest sphere in the simulation box: half of the domain length. The values of
om,; are calculated by accumulating the mass in all volumes that are within 7; per
time step (in a parallel computing setup, every thread accumulates their own dm;,

and we reduce them in the finishing stage of timestep to derive the global one):

(< 7y t) = Y [pe(t) — 1163, (3.79)

TE<T;
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where /}, is the size of the accumulating volume. The plain summation is consistent
with our choice of piece-wise constant Finite Volumes. During the subsequent time
step, we apply the following interpolation rule per volume according to its radius 7

for the required perturbed mass:

;

S 73, 7 < 7o
OM(<7) = § oy (00 ) 4 0 (552 ), 7 <1 < Fin (3.80)
OMunax + 2 p(Frmax) (P2 — 7o) - T > Trnax

\

The perturbed masses for volumes outside 7, are approximated by assuming that
the density there is equal to that at 7.c. During our simulations, the densities
in those volumes depart little from unity and thus contributes little to the total
perturbed mass. This approximation is therefore acceptable. More accurate schemes
could be used in future simulations, such as using a scheme of density interpolation
that can extend to the furthest corner of the simulation box. Within 7., on
the other hand, the accuracy of this interpolation rule depends on the size and
arrangement of the sample array {dm;}. In our simulations, we use a sample array

size of 200, and keep our sample radii {7;} invariant over time.

3.2.3 Initial and Boundary Condition

The simulations shown in this chapter start at scale factor a; = 0.001, and end
around a =~ 0.3. The simulation domain is initially filled with collisional cold gas of
v = 5/3 in critical density (which is unity in code units). Our overdense seed, the
spherical tophat, is placed at the origin and is set to have a radius R; = 0.05 and
total perturbed mass dM; = 0.15.

Initial Condition

The treatment of the initial conditions of the pressure, density and velocity is subtle.
Although we should expect a pressureless infall for most regions in the simulation
box at the beginning, we can not set a zero initial pressure numerically. Likewise,
although it seems to be quite natural to set a zero initial velocity profile within
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our comoving coordinate system, we can not do this in our implementation, either.
Both of these would lead to negative pressure in the first time step. This is because
in this step the energy equation 3.77, does not update the local energy given the
zero momentum (i.e., both the flux and the source terms are zero in this equation).
On the other hand, the momentum itself is updated normally according to equation
(3.76) as its source term (the force density) is nonzero. Since we calculate the

pressure using:
_ e
p=t-1) (B 5775). (351

the fact that 7 is updated (mostly increased in magnitude) while E is not during
the first step can cause an accidental and unphysical drop of pressure at the end
of this timestep, and frequently (for zero initial pressure, it is always) the pressure
turns to be negative where gravity is strong, i.e., near the centre. This issue would
be worse if we put a point mass as the overdense seed at the centre, like the one
in RAMSES (Teyssier, 2002) because it leads to an extremely large magnitude of the
gravity force in the adjacent volumes of the point mass.

To address this negative pressure issue, our solution is three-fold. Firstly, we
stick to using a tophat overdensity rather than a point mass as our seed, though
it harms the solution partially (see the section for results below). A tophat initial
profile smooths the gravity field and reduces the magnitude of potential negative
pressure. Secondly, we set a very small but non-zero value for the pressure initially:
it makes the system more robust to the pressure drop in the first time step, and can
quickly converge to the correct pressureless solution outside the shock later in the
simulation. Finally, we introduce a pre-set initial velocity profile. We assume our
momentum field has evolved a small period of (physical) time before the simulation

begins, according to the initial gravity field:
Ji = Mg, (3.82)

such that the energy can get updated as well. These adaptions successfully solve the
initial negative pressure issue without the explicit construction of consistent initial

conditions which does not yield unphysical solutions. The freedom of adjusting
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our initial conditions without harming the final self-similarity is expected given the
convergence of the solution (Alard, 2020), and we have explicitly checked that it is

true for our simulation by tuning our initial pressure.

Boundary Conditions and Geometric Setup

Our setup to simulate spherical collapses requires free inflow boundary conditions.
Because we expect Cj to be almost stationary in comoving coordinates (or approach-
ing the Hubble flow physically) as we move away from the centre of the computa-
tional domain, homogeneous Neumann boundary conditions can yield the free inflow
as long as the computational domain is sufficiently large. However, such a large do-
main is computationally inefficient or even unfeasible, and it is also not clear whether
‘large’ is well-defined in an evolving system: the shock propagates outwards towards
the border over time, thus making it a challenge to use homogeneous Neumann
boundary conditions throughout the entire evolution. We, therefore, use the follow-

ing hybrid scheme:

Gin, pin < 1 (3.83)

C3014 = N ~ N
t Qin + lin 1 - lirgQV(l)Q(a:), otherwise, (3.84)
xr—r

where Cjin and Qout denote, respectively, the solution vectors in the volumes on the
inner and outer sides of the boundary (see Fig. 2.3). As we introduce above in
section 2.3, The boundary conditions in EXAHYPE2 for finite volume solver are
implemented by specifying how the quantities in ghost volumes out of the bound-
ary Cjout are calculated from ones in their direct neighbours within the domain @in.
In most times, we use the extrapolating boundary condition (3.84), where the su-
perscript (V) means we use the first-order approximation of the gradient VC} at ©
approaching the domain boundary 02, multiplied by the distance between the two
volumes, Ein.

The different behaviours of these two types of boundary conditions are illustrated
in Fig. 3.5. The linearly extrapolated boundary condition is more accurate than the
homogeneous Neumann one specified by equation (3.83), but it underestimates the

momentum inflow from beyond the boundary. As a result, the code-unit density at
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Figure 3.5: The different ways to set up the boundary conditions in the velocity
field at the boundary of the simulation domain, indicated by the vertical dashed
line. In both panels, the blue curve illustrates a physical velocity profile along the
x direction, which has a nonzero gradient at the boundary. Left panel: the homoge-
neous Neumann boundary condition specified by equation (3.83), where the velocity
field outside the boundary (i.e., to the right of the vertical line) is assumed to be a
constant equal to the velocity value just inside the boundary (the red dashed line).
In this case, the inflow from beyond the boundary is overestimated and thus harms
the quality of the boundary. Right panel: The first-order extrapolated boundary
condition corresponding to equation (3.84), as indicated by the green dashed line.
Its prediction of inflow is more accurate than the Neumann case but is underesti-
mated. We combine these two boundary conditions in our simulations depending
on the local density at the boundary.

the boundary, pi,, will drop to under unity later in the evolution: this is unphysical
because the density everywhere in this collapse scenario should be above the critical
density. Whenever this happens, we switch to the homogeneous Neumann boundary
condition (3.83). The latter usually overestimates the inflow, and thus can provide
some ‘compensation’. After the density p;, increases back to above unity, we continue

using the extrapolating boundary condition again.

The Finite Volume scheme uses normal boundary conditions where the normal
is axis-aligned. However, our solution is spherical-symmetric. The boundary con-
dition’s normal alignment thus is erroneous. Even with equation (3.83) - (3.84),
we have to ensure that the domain remains sufficiently large compared to the area
of interest, such that this misalignment becomes negligible. Our box size is chosen
based on this consideration. Though the shock only reaches a radius of around 0.5
code units in the final stage of the simulation, we set the radius of the box to be
as large as 1.5 units to suppress any boundary pollution. We do not enlarge our

box any further as it consumes too much computing resources in regions of little
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interest. Despite the large computational domain, the finite domain size still limits
the maximum simulation time up to which our results are not distorted significantly
by the tangential boundary errors, as the solution’s steep gradient moves towards
the domain boundary.

Similar arguments hold along resolution transitions. As we interpolate linearly
along the resolution boundary, our solutions do not follow exact spherical symmetry:
the mesh and its resolution transitions should be spherical, and we should interpolate
linearly along a spherical transition. Yet, our grid is Cartesian. This “misalignment”
results in fluctuations or finger patterns (Fig. 3.4, right panel). Our code has two
ingredients to mitigate the resulting error: on the one hand, we use 2:1 balancing
(Sundar, Sampath, and Biros, 2008), since a more aggressive resolution change
would amplify any error. On the other hand, we ensure that the “first” (finest
to second finest) resolution transition is sufficiently far away from the region of
interest, i.e. the shock. In return, this implies that the maximum runtime yielding
physically admissible results is bounded further, as long as we disable adaptive
mesh refinement—a technique which is intrinsically limited, as the area of interest
expands and thus eventually yields a regular grid with excessive memory footprint.
This numerical error becomes apparent once the shock approaches the resolution
transition boundary. In our simulation, we extend the first transition boundary to
about 0.6 code units. This is slightly larger than the final 0.5 code units which the
shock reaches within code time 60 (corresponds to a = 0.3). At that time, the shock
approaches the transition boundary and thus the numerical error starts to pollute
the solutions. As we will see in the result section below, the simulation already
reaches the numerical convergence before a ~ 0.02, so the current setup provides

sufficient time for us to test the code in the stable evolution stage.

3.3 Simulation Tests

In this section, we report the simulation results of spherical collapse scenarios in
different gravity models using our application. To make comparison to the theo-

retical predictions we got in Section 3.1, we will also show results that are rescaled
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Figure 3.6: The rescaled density, velocity and pressure profiles for the spherical
collapse in an Einstein-de Sitter universe, plotted against the radius from the centre
in code units. Five snapshots of the system at a ~ 0.022, 0.031, 0.047, 0.076, 0.145
are shown in different colours as indicated by the legends. An outward-propagating
shock is clearly visible in all three panels. The curves are sampled over the positive
direction of the x axis, but we have checked that for all the simulations we report
in this section the solution only has a very weak dependence on the direction along
which we extract it from the simulation domain, see Appendix A.

following equations (3.21) - (3.24), after we restored the quantities in the physical

unit using equation (3.67).

3.3.1 Einstein-de Sitter universe

We first show the simulation results in the Einstein-de Sitter universe. Since gravity
is standard, we can use equation (3.15) as the scaling radius. The rescaled profiles of
physics quantities are plotted over the radius coordinates in the code unit (superco-
moving coordinates), in Fig. 3.6. We illustrate five snapshots of the system (at scale
factor a ~ 0.022, 0.031, 0.047, 0.076, 0.145) from the late part of the simulation
when the corresponding A is relatively small. The system remains in stable evolu-
tion before the numerical issues we reported in the last section pollute the solution.
A clear outward-propagating shock can be seen in the figure.

The same profiles of quantities are plotted again, but now against the rescaled
radial coordinates A, in Fig. 3.7. The theoretical self-similar lines from Section 3.1
are shown as black dashed lines for comparison. We can see a clear self-similarity

here, as the rescaled simulated quantities have converged during the time period
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considered, when the scale factor a increases by a factor of seven. The coloured
vertical lines in the figures are the positions of the tophat edge at the time of the
corresponding snapshots, within which the density and pressure solutions deviate
from the self-similar solution and flatten: this is expected as the gas within the
tophat does not experience the full gravity from the mass perturbation anymore.
The radius of this edge is shrinking in the rescaled plots over time because the
turnaround radius that is used to define ) increases as time evolves.

The rescaled solutions agree with the theoretical predictions quite well, especially
for the preshock solutions of the density and velocity. Yet, there are some deviations
from the self-similar solution, notably a shift of the shock position. Because of this,
the infall velocity of the gas just outside the shock is lower than the theoretical
prediction. This is a common numerical artefact caused by volumes with finite
widths, which cannot exactly resolve the infinitesimally thin shock. We have checked
that the agreement with the self-similar prediction improves as we use finer volumes.
A detailed convergence study is beyond the scope here.

Another factor that may have contributed to the difference between theory and
simulation is that the theoretical solution here is obtained under the assumption
of A <« 1, and this is not well satisfied in the simulations. The different shells
of gas have different initial radii r; and corresponding values of A, with the outer
shells having larger r; and therefore smaller A, and vice versa. The outer shells also
collapse to the shock at a later time. We note that the outer shells that collapse to
the shock at later stages of the simulations usually have A ~ 0.1, and the inner shells
have even larger A. The difference between these values of A < 1 might affect the
accuracy of the simulation results. This claim is supported by the time convergence
of the profiles in Figure 3.7 toward the self-similar solutions. However, it is not clear
to what extent letting the simulation run for longer, so that shells with ever larger
r; will fall to the shock, helps here, since some of the inaccuracy of the simulation
results is due to numerical dissipation. Additionally, as we explained in Section
3.2.3, the maximum runtime yielding physically admissible results is bounded, and
simulations after a longer time will begin to depart from the self-similar solution

generally.
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Figure 3.7: The rescaled density, velocity and pressure profiles from the same simula-
tion of the Einstein-de Sitter model, plotted against the rescaled radial coordinate,
A. The self-similar theoretical prediction (Bertschinger, 1985) is shown as black
dashed lines. The vertical dashed lines with colours indicate the locations of the
tophat edge at the same five times as shown in Fig. 3.6, and the numerical solutions
depart from the self-similar prediction within it. This location is moving inwards as
the rescaling radius ¢, increases over time. Convergence over time to the theoretical
solution can be observed in the plots.

We next study the effect of the hybrid boundary condition scheme introduced in
Section 3.2.3. Figure 3.8 gives the tail part of the density profiles of three simulations
which are identical except for the implementations of the boundary conditions. The
three panels correspond to the three types of boundary conditions mentioned above,
respectively homogeneous Neumann (outflow), pure linear extrapolation and the
hybrid scheme. A clear abnormal uprising of density near the boundary can be seen
in the homogeneous case (the first panel), as it overestimates the inflow from beyond
the boundary. This effect would “propagate” inwards and eventually pollute the
solution, making it unstable. On the other hand, the density drops to under unity
(or the critical density in physical units) when we use the extrapolated boundary
condition (the second panel), leading to a negative density later in the simulation.
By using the hybrid scheme (the third panel), we manage to keep a relatively stable

and smooth density evolution near the boundary throughout the simulation.
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Figure 3.8: The tail parts of the rescaled density profiles from three EdS simulations
which implement different boundary conditions but are otherwise identical. The
three panels, from left to right, show the results from using homogeneous Neumann
(outflow), pure extrapolated and hybrid boundary conditions, respectively. Only in
the hybrid case does the profile near the boundary remain stable and consistent with
the theoretical prediction (the dashed line). The other two cases either overestimates
or underestimates the density near the boundary, leading to an eventual crash of
the simulation when the error near the boundary propagates into the central region
of the simulation domain (see the purple and red solid lines in the left two panels).

3.3.2 The SST model

In this subsection, we report the simulation results of the SST model introduced in
Sections 3.1.1 and 3.1.2, with 8 = 1.0 and various values of the screening parameter
(. For a clear comparison with the standard gravity, we first rescale our modified
gravity results using the same turnaround radius formulation equation (3.15), fol-
lowing what we did first in Section 3.1.3. As the rescaling radius is identical in
the different gravity models, the differences after the rescaling also represent the
difference in the real evolution, thus showing the effects of modified gravity and the
screening mechanism.

The results at a ~ 0.076 for models with g = 1.0 and ( = 0, 1, 5, 10, 50, 100
are summarised in Figure 3.9. Those results agree with what one should expect
for an enhanced gravity force and presence of screening: for the non-screening case
(¢ = 0), in which gravity is constantly enhanced in time and space, a stronger shock
is observed and it also happens at a larger radius than in EdS. In the other cases, as
the screening becomes stronger and stronger (i.e., increasing (), the results approach
that of standard gravity in an EdS universe.

One may have noticed that we require a bigger ( to achieve a similar screening
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Figure 3.9: The rescaled quantities curves in the SST model introduced in Sections
3.1.1 and 3.1.2, with § = 1.0 and ¢ = 0, 1, 5, 10, 50, 100, at the time step when
a ~ 0.076. The profiles in an EdS universe are also illustrated here for a comparison
(blue solid lines). The case of ( = 0 corresponds to a model with a constant (in
space and time) enhancement of Newton’s constant, while ¢ > 0 introduces the
Vainshtein screening effect which grows with (. It is therefore as expected that the
case with a constant enhancement of gravity (¢ = 0) deviates most from the EdS
result, and results of other cases lie in between.

effect, compared to Figure 3.1. This is mainly due to the fact that the parameter
A, which characterises the mean initial overdensity density within some given initial
radius r;, takes different values at the different initial radii covered by a real simula-
tion, while the theoretical profiles are obtained assuming a fixed A, e.g., A = 0.001.
To get rid of the A dependence in our results, we use the idea of rescaling using
the true turnaround radius as described in Section 3.1.3. The difference is that this
time we do not need a “re-rescaling”: after we restore the profile quantities in phys-
ical units, we find the real turnaround radius directly by its physical meaning, i.e.,
we locate the radius where the physical velocity crosses zero. This method can be
applied to all models including the EdS, which we have checked explicitly to give
the same result as in the subsection above. After we located this real turnaround
radius for simulations with SST model, we use this value for our rescaling. The
result of the same simulations and same timestamp in this new rescaling scheme
then are plotted as the solid lines in Fig. 3.10, and their theoretical predictions (as
shown in Fig. 3.3) are overplotted as the dashed lines with the same colour scheme.
In the figure titles, we have used primes to indicate the quantities calculated using

the numerically determined turnaround radius, ry,.
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Figure 3.10: The profiles of the same quantities as shown in Fig. 3.9 (solid lines) for
the SST model with different parameters (see legends), now rescaled using the real
turnaround radius i, as described in Section 3.1.3. The quantities with a prime
are calculated using this new rescaling radius. We also plot the theoretical self-
similar predictions described in Section 3.1.3 for each case, as dashed lines with the
corresponding colours.

Just like the theoretical results we got in 3.1.3, the new rescaled solutions are
close to that in EdS universe. They are broadly in line with the theoretical predic-
tions as well. The shock in SST model happens at a slightly smaller radius, and the
velocity in the gas shell just outside the shock has a bigger magnitude. This result
is possibly caused by the fact that the gravitational force is stronger in the SST
model, so that the collapse is also stronger and faster. The qualitative trend is also
as expected, as the curves for the models with screening are between the ones of
EdS and a constant enhancement of Newton’s constant (¢ = 0). Given that the real
physical evolutions of these models in the simulation are quite different (cf. Fig. 3.9),
these results demonstrate the reliability of EXAHYPE2 engine to carry out both
standard and modified gravity simulations, and support the idea that self-similarity
can be found (at least as a very good approximation) in more general gravity models

beyond EdS as well.

3.4 Discussion

In this chapter, we have derived self-similar solutions, for the first time, for some

special cases of the DGP class of models. We should point out that the existence of
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self-similar solutions in spherical collapse scenarios is nontrivial: for example, while
the EAS model admits a self-similar solution, this is lost if the model includes a
cosmological constant. This is even more true for modified gravity models, in which
the law of gravity may be modified in complicated time- and spatial-dependent ways.
Indeed, we have tried to search for self-similar solutions in several classes of modified
gravity theories that feature certain screening mechanisms. Chameleon-type models
(Khoury and Weltman, 2004a; Khoury and Weltman, 2004b) do not admit self-
similar solutions, because the fifth force there is not only scale dependent but also
environment dependent. We have not found self-similar solutions for K-mouflage-
type models (Babichev, Deffayet, and Ziour, 2009; Brax, Burrage, and Davis, 2013)
either: in this model, the fifth force is given by

dy
— — .
F =k P (3.85)

where [k is a parameter describing the coupling strength of the scalar field ¢ with
the matter, which is usually taken as a constant or function of time. The radial

gradient de/dr can be schematically obtained by solving

K (dﬁ> o ST o g T M) (3.56)

dr r2 2 \2 7

where K(-) is a nonlinear function, and r, is again the EdS expression of the
turnaround radius, equation (3.15). For the fifth force to also respect self-similarity,
it should be possible to express it as

Tta

(3.87)

where F is a function of A only. This is satisfied if K(-) is a linear function and Sk
is a constant, but this simply corresponds to a model with a constant enhancement
of Newton’s constant, identical to the SST variant with ( = 0 considered above.
For general K(-), one has to require Sk to depend on both r¢, (and through which
also depend on the initial radius r; and overdensity A) and t to satisfy the above

condition. Even for the SST model we considered above, demanding a self-similar
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solution places some constraints on certain details, in particular the requirement
that r. becomes a time-dependent function which grows at the same rate as the
horizon size of the EAS universe. The existence of self-similar solutions in specific
models offers us a way to test our numerical code for models other than EdS.

The self-similar solutions we obtained for the SST model behave as one would
expect for an enhanced gravity with the Vainshtein screening mechanism at work.
For example, we see that the shock happens at a larger radius in the SST variant
with ¢ = 0, and the infall velocity is larger outside the shock, compared with EdS,
as a result of a stronger gravitational collapse. For the other SST variants where
¢ > 0, the results generally lie between EdS and { = 0, indicating a suppressed fifth
force and the suppression effect is larger for bigger (. It is notable that, despite the
substantial differences in the evolutions and solutions of the different gravity models
considered, after the (more ‘proper’) rescaling using the true turnaround radius of
individual models, the solutions in the different SST variants are all very close to
that in the EdS model with standard gravity (though their agreement is not perfect).
We also notice that, after this proper rescaling, the self-similar solutions in the SST
models depend very weakly on A, as also happens in EdS. Apparently, we should
test these observations for other types of gravity models too. if they hold there as
well, this is an interesting indication that the properly rescaled solutions in different
gravity models are close to each other, which in turn implies that self-similarity
should hold approximately, even though not exactly, in generic models. We leave a
more detailed exploration of this possibility to future work.

Behind our new physical insights is a new implementation of cosmological hydro-
dynamical simulations of the spherical collapse scenario for different gravity models,
based on EXAHYPE2. We find that the numerical simulations of the same EdS and
SST models as introduced above yield good agreements with the theoretical predic-
tions we derived. This thus not only supports our findings on the self-similarity in
the considered models, but also serves as a validation of the reliability and correct-
ness of our ExAHYPE2 application.

By comparing our theoretical predictions to the simulation results, we find that,

although to a large degree the code is capable of handling the collapse scenarios in
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different gravity models, there are still some inaccuracies in the current simulation
results, in particular at and around the shock. The observed shift and weakening of
the shock are likely caused by numerical dissipation, which may be suppressed by
increasing the spatial and temporal resolutions. There are several possible ways of
doing this. First, we are currently using a simple Finite Volume formalism which
employs a generic Riemann solver. This scheme can be further extended to higher-
order formalisms, e.g., the fourth-order Finite Difference method introduced in sec-
tion 2.2.2, in combination with Runge-Kutta scheme. Those schemes are in principle
compatible with our scenarios, straightforward to implement, and could work prop-
erly to enhance the resolutions, but it remains an open question if these methods
are well-suited to capture the steep gradients near the shock. We could also directly
increase the resolution of our simulations, but this comes at an additional runtime
cost. For the temporal side, we need to check if local time stepping or subcycling
helps to reduce the vulnerability of the current explicit time stepping scheme to
numerical dissipation. It may also help to use more accurate Riemann solvers, as
the current Rusanov solver only ‘reacts’ to the biggest eigenvalue of the system,
cf. equation (2.15)-(2.16), so that it does not preserve the characteristics of all five

evolving quantities well if they propagate with different wave speeds.
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CHAPTER 4

Application: Numerical Relativity of Black Holes

In this chapter, we give a thorough description of our numerical relativity applica-
tion on EXAHYPE2. The application aims at simulating black hole spacetimes. We
assume readers are familiar with the concepts and notations in General Relativity
and will not reintroduce them in this chapter. The theoretical foundation of numeri-
cal relativity is presented as a review in section 4.1, mainly following the Baumgarte
and Shapiro, 2010 and Shibata, 2015, but also incorporating other related literature
which we will cite explicitly. We start from the 3+1 foliation of spacetime and then
cover other aspects necessary for the evolution of evolving black holes. After that,
we outline the structure of our code in section 4.2 and explain various modules we
have implemented in the application. We illustrate the results of the simulation tests
in section 4.3 and discuss the existing issues in our code in section 4.4. Finally, in
section 4.5, we provide a brief overview of the findings around numerical evolution
under the general scalar-tensor theory of gravity. The work in section 4.2-4.5 are all
completed by the author in this PhD project.

Throughout the chapter, we adopt the (—, 4+, +, +) metric signature and follow
the standard Einstein convention of summing over repeated indices. We are going

to use the Latin letters a, b, ... for spacetime indices which run from 0 to 3, following
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the abstract index notation. The tensor components are labelled by Greek letters
W, v, .... For the indices running from 1 to 3, we use the middle part of the Latin
letters 7, 7, k, ... as usual. Finally, we will use the geometrized unit system in our
content where both the gravitational constant and the speed of light are set to unity,

c=G=1.

4.1 Theoretical Background

We introduce the basics of numerical relativity and details of preparing initial con-
ditions for black holes in this section. General Relativity treats space and time
on equal footing and the Einstein equation describes the interaction between them
and matter content, which is elegant, but not suitable for numerical simulation.
We need to translate the system into a Cauchy initial value problem, and that is
where the “34+1” decomposition comes in and we need to take the hyperbolicity of
the equation, which indicates the stability of the system, into consideration. There
are several re-formulations of the Einstein equation that are able to yield a stable
evolution of black holes, and we pick the CCZ4 (Alic et al., 2012, Conformal and
covariant Z4 system) formulation in our application. It integrates the advantages of
the generalised-harmonic formalism and the BSSNOK formalism. therefore yields
better stability and accuracy. We also describe how we treat the singularity of black
holes in this section. The moving puncture method is applied here to “warp” the
singularity so that no physical singularity is resolved in both the initial condition
and evolution. Given we are evolving a relativity system, we need to evolve the
coordinate system as well, because the coordinates carry the freedom of foliation of
the spacetime. It is known as the gauge freedom of general relativity. Coordinate
evolution is controlled via the gauge condition. The final part of this section is about
the calculation and extraction of gravitation wave signals under the assumption that

the observer is far afield.
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4.1.1 341 Spacetime Foliation in Numerical Relativity

We start our journey into numerical relativity with the Einstein field equation:

1
Rab — anbR = 87TTab (41)

The cosmological constant term is omitted here because the length scale relevant to
the problem considered is stellar-level, where its effect is negligible. We only consider
the standard four-dimensional spacetime in this thesis, though higher-dimensional
spacetimes are also of great interest. In four-dimensional spacetime, The index
therefore runs over 0 to 3. To convert it into an initial value problem for simulation,
we need to decompose the spacetime back to "space” and ”"time” again.

We define a global scalar field ¢(x*) on the manifold as our first step. Using this
field, we can naturally split the whole spacetime into a collection of hyperspaces
>, which satisfy ¢|s~ = constant. The unit normal vector on the hypersurfaces is
defined as

Ng == —ag™Vyt, (4.2)

where o := +\/—1/g“bvatvbt, thus nn, = —1. We pick the negative sign conven-
tion here to make n® future pointing (n*V,t > 0). The spatial metric on hypersur-
face ), is given as

Yab = Gab T NaMp- (43)

One can immediately see 7,n? = 0, this spatial metric can help project quanti-
ties into their spatial counterpart, as no temporal components would left after the
contraction with it, e.g. n’y¢T, = 0.

The next step is to define the time axis along which we integrate. Mathematically
speaking, we are looking for a timelike vector field t* that satisfies t*V,t = 1. It
guarantees that all ¢* on one hypersurface will point onto the same next hypersurface.
Most importantly, the time axis is not necessarily normal to the hypersurface ),
and its normal part may also differ from the unit normal vector n* by a scalar

factor. Therefore, we could define two important quantities related to gauge choice
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by projecting the time vector into the normal part and parallel (spatial) part:
o= —t"n,, B°:=t (4.4)

These so-called lapse function o and shift vector fields 3% play significant roles in
numerical relativity as they contain the four degrees of freedom of coordinates dur-
ing the evolution. Their relations with the time axis are illustrated in Figure 4.1.
Good gauge choices help to enhance stability, improve numerical performance and
also avoid singularities. Roughly speaking, the lapse function measures how much
proper time passes between two adjacent hypersurfaces and the shift vector describes
how the corresponding points are moved from their “original” positions, where they
should be if the time axis has a zero shift component. We will go back to the gauge

quantities with more details in section 4.1.4 below.

Figure 4.1: The illustration of lapse function and shift vector. Given two neigh-
bouring hypersurfaces labelled as ¥; and >; + At, the four-dimensional time vector
OB can be decomposed into OA and AB, which respectively give the proper time
« passed for a normal observer at O in the coordinate time At, and the coordinate
shift between the two hypersurfaces. i.e. points B and O have the same spatial co-
ordinates while the spatial coordinate of A is different by —3¢. The figure is adapted
from Shibata, 2015.

We now have the time axis along which we can do integration, the next step is
to construct quantities representing spatial structure. The 3-dimensional covariant

derivative on the hypersurfaces is defined as

Dof = Vo, DJT7 =iy Val}, (4.5)
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where f and T are general scalar fields and tensors, respectively. This definition
guarantees this derivative is compatible with the spatial metric, i.e., Dy7y. = 0. The
Leibniz rule only holds for this derivative operator when both v* and w; are purely
spatial

D, (vbwb) = 0 Dwy, + wyDgv®, V{v*, wy|ngv® = nPw, = 0}. (4.6)

The Christoffel symbol and Riemann tensor associated with the spatial covariant

derivative have the same formulations as their 4-dimensional counterpart

1
be = Evad (OcYab + OpYae — OaYoe) (4.7)

Rd = abFZc - a(IFIG)ZC + FZCng - Fl(jc]'—‘ga‘ (48)

abc

We then define the extrinsic curvature as the spatial projection of the covariant

derivative of the normal vector:
Kab = _’Yg’ylglv(cnd) = _’72’7(?Vcnd = _Dcnd7 (49)

where A, By = %(AaBb + ApB,) is the symmetrisation parentheses. It has an im-
portant physical meaning of how space curvature varies from one hypersurface to
the next. It describes how adjacent normal vectors differ from each other (see figure
4.2). The extrinsic curvature is different from the Riemann curvature given above
(4.8), which is an intrinsic curvature that only describes the curvature inside the hy-
persurface. If the Riemann curvature is non-zero, a parallel-transported vector may
not be parallel to itself anymore after completing a closed loop on the hypersurface,
the simplest example being the two-dimensional sphere. The extrinsic and intrinsic
curvatures are not necessarily both non-zero (or zero): An infinite-long cylinder sur-
face is an example that has zero intrinsic curvature but non-zero extrinsic curvature.
Any parallel-transported vector following a closed loop will be parallel to itself in
the end, but the adjacent normal vectors on it differ from each other.

The extrinsic curvature has another good property of being proportional to the
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Figure 4.2: The extrinsic curvature is a spatial quantity associated with hypersur-
faces, measuring how neighbouring normal vectors differ dn® oc —K?. It thus shows
how a hypersurface distorts and warps through spacetime. The figure is adapted
from Baumgarte and Shapiro, 2010.

Lie derivative of the spatial metric, along the normal vector field n®:

1
Kab - _iﬁnf)/ab‘ (410)

The trace of the extrinsic curvature is called mean curvature and is linked to the
determinant of the spatial metric

1

L 1/2
7 Ly, (4.11)

1 1
K=g"Kup=7"Ky = —§7ab£n%b = —%ﬁnV = -

where v := det .. As \/'7d3:17 is a volume element of the hypersurface, the mean
curvature then measures the fractional change of the three-dimensional volume along
the normal direction n®. One can also see here why we choose a negative sign in
the definition of K, (4.9): a positive mean curvature leads to a contraction of
hypersurface volume in this case, which agrees with the common sign convention of
curvature.

Starting from the definition of the Lie derivatives one can calculate the so-called

Ricci’s equation:
1
LKy = 1909 Y Ryyeg — — Do Dy — K{ K. (4.12)
o

It gives the Lie derivative of the extrinsic curvature along n®. The ) before the

Riemann tensor indicates that it is a 4-dimensional quantity. Equations (4.10) and
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(4.12) are similar to the dynamic equations of position and velocity in classical
mechanics: the evolution of the position (spatial metric) are determined by velocity
(extrinsic curvature), while the evolution of the velocity are determined by position
(spatial metric, and the gauge). We then transform to the Lie derivative along the

time vector t* from n® to get the proper “time derivatives” of the evolution system,

Ct/yab = _QQKab + CBV@IN (413)
1
LiKyp = —D.Dya+ a(Ryp — 2K, . Ky + KKyp) — 87 (Sab — 5%1)(5 - p))
+ LK,
(4.14)

where £y = aLy, + L5. The new quantities that appear in the equation (4.14) are
the source terms decomposed from the original energy-momentum tensor 7, in the
field equation (4.1): p := n,npyT% is the total energy density measured by a normal
observer n%; Sy, := yfﬁng va 1s spatial stress and S := S¢ is its trace. There is another
source term associated with the momentum density measured by a normal observer:
S, = —'ygnCTbc.

The tensor equations (4.13) and (4.14), which are component equations of the
field equation in essence, give us the prototype of the evolution system. They
describe how the space structure evolves among hypersurfaces. On the other hand,
the other component equations can be seen as constraints. They have to be satisfied
on any hypersurfaces during the evolution, and we utilise them to constrain the
initial condition, i.e., how the space structure should be initially. Those constraints

are derived from two different projections of the Riemann tensor:

75757;72(4)qu7“8 = Rabcd + Kachd - Kachba (415)

757572n8(4)qurs = DbKac_DaKbc, (416)

which are so-called Gauss—Codazzi equation and Codazzi-Mainardi equation. We

can further simply them by contract twice and once respectively and use the source
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notation we defined above

Hamiltonian Constraint R+ K? — K, K% = 167p, (4.17)

Momentum Constraint ~ DyK? — D,K = 8rS,. (4.18)

These are important physical constraints we will use frequently later.

As we have already defined the vector field ¢* and interpreted it as the time
axis, it is natural to construct a coordinate system where t* is the time basic vector,
t* = el = (1,0,0,0). This construction simplifies the system enormously as the Lie
derivative along the time vector now reduces to the partial derivative with respect
to the t coordinate axis, i.e., Ly = 0;. We then construct the remaining three
basic vectors, €l inside a hypersurface which satisfy naef = 0 and Ete‘(li) = 0.
The former makes sure the basic vectors are purely spatial while the latter expands

the basic vectors among hypersurfaces. We can immediately find the component

expression of n, from equation (4.4) and nqef;) = 0:
ne = (—a,0,0,0). (4.19)

We also have

n.B* =0 — p* = (0,3"). (4.20)

The components of the spacetime and spatial metrics can be derived by their defi-

nitions and properties in a similar approach:

—a? a 2B —a?+ B8 B
gab = —9 i .. —9 ni i y Gab = . (421)
a = p A — o Bi Vij
0 0 BBt B
b ) e = , (4.22)
0 9% Bi i

We can see all information of spacetime now can be found in the two gauge quantities

a, A%, and the “spatial part of spatial metric”, 7;;, under this decomposition. The
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spacetime line element now is written as
ds* = —a’dt® + v;; (da’ + B'dt) (da’ + Bdt) (4.23)

One may already notice that all the quantities that appear in the evolution
and constraint equations are purely spatial quantities. As any contravariant spatial
tensor satisfies n,7%¢ = n, T = ... = 0, their zeroth components are all zeros.
So it is obvious that all information of a contra variant spatial tensor is encoded
in its spatial part. It also holds for covariant tensors as the lower metric operator
Jap Only contains gauges and spatial components of the spatial metric. As a result,
if a tensor equation only contains spatial tensors, we can simplify the equation by
replacing the spacetime indices with spatial indices directly. It finally leads us to
the basic ADM(Arnowitt-Deser-Misner) formulation (Arnowitt, Deser, and Misner,

2008) of numerical relativity, which includes two constraints

R+ K? — K;;K"” = 167p, (4.24)

V, (K% —+VK) = 8n5", 4.25)
J

two evolution equations of v;; and Kj;:

8t77jj = —QCYKij + 87,B] =+ ajﬁi, (426)
1
&Kij = —VZ‘V]'OZ + o (RZJ — QKZkKJk + KK”) — 87T'Oé (SZ] — —’}/ij(S — p))
2 (4.27)
+ BY0LKy; + Kin0; 8" + K0, 8",
and two evolution equation of the determinant ~ and trace K:
OK = —V’a+a (K ;K7 +4n(p+ 5)) + BO,K, (4.28)
O Iny? = —aK + 9,5 (4.29)

In the equations above we use the more common symbol with a Latin subscript ¢:
V., to represent the spatial part of the covariant derivative on the hypersurface (D,

which is compatible with ~,;), and its compatible metric is also the spatial metric
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vij- We will still use D, to represent the four-dimensional formulation of the spatial
derivative, to distinguish it from V,. The latter is the covariant derivative of the
spacetime metric ggp.

The ADM formulation is already complete and can be integrated over time, but
it is weak hyperbolic and thus not suitable for stable numerical implementation.
Therefore, improved stable formulations based on the ADM system are needed in
research. In section 4.1.3, we will present one important approach to deriving strong
hyperbolic formulation through the integration of constraints within systems. Ad-
ditionally, we will introduce in detail the FOCCZ4 (First-order CCZ4) formulation

that we use in our application.

4.1.2 Puncture initial condition

We now have the basic evolution system for numerical simulations, and the next
step is to find the initial condition of given physical scenarios. The construction of
initial condition is not a trivial thing, as it describes the spatial structure of the
initial hypersurface t = 0 and we need to solve the full constraint equations (4.24)
and (4.25), besides specifying the normal physical parameters (e.g., the masses and
velocities of objects).

There are different approaches to solving the constraints on the initial hyper-
surface according to the astrophysics scenarios at hand, and here we only cover the
Bowen—-York method which is based on the conformal transverse-traceless (CTT)
decomposition (Bowen and York, 1980). This method is popular in black hole sim-
ulations and is naturally compatible with the puncture approach. The latter is
designed to achieve singularity avoidance in black hole spacetimes without a need
for domain excision.

Our treatment starts with the conformal decomposition of the spatial metric as

Vij = ¢74%j, A = oty (4.30)

Here the conformal factor v is chosen to be ¢ = det(;;)*/1? to guarantee the unity

of the determinant of the conformal metric 7;;: 7 = det(;;) = 1. One can derive
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the conformal Christoffel symbol from the definition above:

where V, is the covariant derivative compatible with the conformal metric Yij- The
contraction of the conformal Christoffel symbol will be used in section 4.1.4 to
motivate the shift gauge condition we adopt.

We then define the traceless part of the extrinsic curvature A;; 1= K;; —1/3v;; K,
where K = 7Y K;; is the trace of K;;. The conformal decomposition of it uses a

different scaling:

Aij = d)loAij, AU - 1/121413‘- (432)

This scaling makes the divergence of A% and A¥ consistent: V;AY vanishes if and
only if V; A% vanishes. We then put those definitions back into the Hamiltonian and

momentum constraints to get their conformal versions

_ _ 2 -
8V — YR — §¢5K2 + 7T A AY = 1679, (4.33)

- 2 - .
V,AY — 20079V K = 8y 0s'. (4.34)

where R are the Ricci scalar associated with conformal metric 7;;. Its formulation
can be calculated from its definition and relation (4.31). A% is a symmetric and
traceless tensor, and can be further decomposed into a divergence-less part and a

symmetric, traceless gradient of a vector (potential):
A =AY, + A7, (4.35)
such that
VAU =0, AT = VW + VI — ;aw‘vkwk — (LW)Y,  (436)

where W' is a vector potential. Then the divergence of the A¥ turns into



The geometry property (V,Vyv. — Vp Va0, = Rgabvd) of the Riemann tensor is used
in the third equality of the equation above. L and Ay are vector gradient and vector

Laplacian respectively. With the new notation, the momentum constraint becomes

;2 .
(ALW) - ng’_}/UVjK = 87T?ZJ105’L. (438)
If we utilise our freedom of choosing the coordinates and shape of the initial hy-
persurface in spacetime by assuming maximal slicing K = 0 and conformal flatness
Yij = Nij, the equation can be simplified to a form that can be solved analytically in

the vacuum:

) ) 1. )
POW' + 00, = 0. (4.39)

Further assuming that the divergence-less part fliTjT vanishes, the equation above

gives a solution in black hole spacetime:

3 . L
Al = 33 (P'n’ + Pn’ — (07 — n'n?) n*Py) (4.40)
T
6
Ad = =nlMSimy, (4.41)
r

where P and S represents two components of momentum. This set of solutions
is often called Bowen-York solutions. Here P* and S, represent the linear and
angular momentum (spin) of black holes, r is the coordinate distance from the
black holes so for a black hole located at the origin it gives r = \/m and
n' = z'/r. For those not located there the corresponding quantities are replaced by
n' = ax' — C'/r,r = ||2* — C|, C" being the location of the black hole. One may
notice the momentum constraint now becomes linear (regarding the W*, thus also

on AY), so we can construct A;; for multiple black holes by superposition directly:
AT =A% p + Al g +Ad p, + Al g, + .. (4.42)

This is the essence of the Bowen-York approach: it solves the momentum constraints
analytically and leaves us only the Hamiltonian constraint that needs to be solved

numerically, which also gets simplified under the assumptions of maximal slicing
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and conformal flatness. It is now written as:
=9 1 74 Tij
VY = —gg/) A AV, (4.43)

The right-hand side can be calculated analytically, but it diverges at the centres of
the black holes (singularities). This is actually expected because we are solving for
the black holes. As we mentioned before, there are multiple approaches to avoid
singularities, including excision: remove the region close to black holes and find
a proper internal condition on that boundary, the rest of the spacetime is rather
smooth and yields a stable evolution. However, the puncture method (Brandt and
Briigmann, 1997) allows us to evolve the whole spacetime and evades the difficulty
in the imposition of internal boundaries. This method is, therefore, much easier to
implement in practice.

The key idea of the puncture method is to absorb the singularities in analytical
terms and leave the smooth part of the constraint for a numerical solution. In this
treatment, the conformal metric is assumed to have the form of

Y=gy +u, Ypy =1+ Z (4.44)

2r;’
where 1Yy represent the analytical part and u is the residual required numerical
treatment. m; is the so-called puncture mass or bare mass. It is linked to the ADM

mass M; by

M; =m; (1 tuit Y ;Zj ) (4.45)
]

in non-spinning cases. Here M; is the ADM mass of the ith black hole and u; is the
value of the u field at its location. d;; is the coordinate distance between the 7th and
jth black holes. In the case of a spinning black hole, the mass is modified according
to the Christodoulou formula (Christodoulou, 1970)

M2 = M2 S

1,5pin 4M2 : (446)
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Putting the expression (4.44) back into the Hamiltonian constraint, we get
_ 1 _
Viu=—F(a(l+u)+1)7,3= §a7AijAU (4.47)

This equation is C*° anywhere in R? and C? at the puncture (Briigmann et al.,
2008), therefore can be solved by standard numerical treatment.

The current initial condition code in our code is a ported version of the TwoP-
unctures module from the numerical library EINSTEINTOOLKIT (LofHer et al., 2012),
following the numerical methods introduced in Ansorg, Briigmann, and Tichy, 2004.
Several coordinate transformations are implemented to transform the unbounded
R? into a bounded domain, and then the standard 3-dimensional spectral method
is used for a high-accuracy and quick-convergence solution.

Notice that we are using different definitions of physics quantities, mainly the
conformal scaling, in the initial condition construction and evolution equations (see
section 4.1.3). This does not affect the consistency of the code as the two processes
are separate in coding practice and are bonded via the ADM quantities 7;; and
K;;. We recover the spatial metric and extrinsic curvature before the first time step,
and the calculation of other variables that are needed in the evolution system also
happens at that time. We will describe the workflow of our code in more detail in
section 4.2.

The last piece in the initial condition is the value of gauge quantities o and f3°.
Their evolution equations will be covered in section 4.1.4. In black hole simulations,
the initial shift 3¢ is commonly set to be zero, while the choice for the initial lapse is
kind of arbitrary and needs empirical insights. Currently, we adopt the formulation

of initial lapse used in tests of Dumbser et al., 2018 as

1 <1 —%(m_/r_) —

i Ce: <m+/”)+1>, (4.48)

2\ 1+ L (m_fr0) + & (my /re)

where r, and r_ are coordinate distances of the required point from the two black
holes. This is one choice in the optional initial lapse profiles available in the TwoP-
unctures module.

Before we close this section, let us briefly comment on why the puncture method
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can help in simulating a spacetime with singularity without excision. One important
property of punctured spacetimes is that the spacetime geometry actually becomes
flat again when we approach any punctures in space (Brill and Lindquist, 1963).
Therefore, the singularity at the punctures can be seen as an asymptotically flat
end of the “other” universe, and it is a coordinate singularity rather than a physical
singularity. This property is preserved through the evolution under a proper gauge
(i.e., the “1+log” condition, see section 4.1.4), as long as the singularities do not hit
any grid point themselves. This is a significant advantage of the so-called "moving
puncture” method, and this method is proven to be extremely successful in simulat-
ing black holes with long-term stability (Briigmann et al., 2008). To further support
this, Hannam et al., 2007 examined the puncture method in detail and found that
the original 1/r singularity of a single static black hole is replaced by a flatter 1/4/r
singularity after the evolution of a short time. The r — 0 singularity approaches a
certain areal radius which is within the horizon r, = 2M, rather than another flat
end of spacetime. As it is still a coordinate singularity, The physical singularity is

again not included in the numerical domain and, thus automatically avoided.

4.1.3 Hyperbolic evolving formulations and FOCCZ4

In section 4.1.1, we already derive the ADM evolution equations (4.26) - (4.27)
based on the quantities v;; and K;;. Analysis has shown that this formulation
is only weak hyperbolic and the numerical errors arising in the evolution are very
likely to accumulate and finally crash the simulation. Codes in the ADM formulation
only yield unstable evolution even in some quite simple scenarios (Baumgarte and
Shapiro, 1998b).

Several strategies have been proposed in the literature to tackle this instability.
One direction focuses on the hyperbolicity enhancement of the evolution system by
introducing auxiliary variables from the constraints (4.24) and (4.25). The Con-
straints enter the system in a similar manner to the Lagrangian multiplier and those
new degrees of freedom affect the characteristic matrices of the system, hence the
hyperbolicity (Baumgarte and Shapiro, 2010).

The highly successful BSSNOK formulation in numerical relativity is based on
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this idea. It involves the momentum constraint in its system by treating the con-
tracted Christofell symbol I as an independent variable. I'*, which is sometimes
also called conformal connection function, is actually the contraction of the par-
tial derivative of the contravariant conformal metric 4. Therefore, the evolution
of this quantity is completely determined by ~;; in the original ADM formulation.
The BSSNOK formulation recasts the evolution equation of I'* using the momen-
tum constraint, making this quantity a new degree of freedom which represents the
deviation of the system from the momentum constraint.

The Z4 formulation follows a similar approach but is more first-principle-based.
It introduces an auxiliary vector field Z¢, whose components represent the four
degrees of freedom from the Hamiltonian and momentum constraints. This vector

field is added to the Lagrangian density of spacetime as
L=9"[Rap+2VaZy]. (4.49)

This new vector field can be seen as a measurement of the (numerical) deviation of
the system from the Einstein equations. Following the usual variational approach,
this Lagrangian leads to the following new field equations, with damping terms of

small coefficients x; and ks:
1
Rab_§gabR+vaZb+vaa_gavaZc_Iil[naZb—i_ana_’—/{anbncZC] = 87TTaba (450)
or with trace reversed:

1
Rab + va,Zb + vaa - Hl[naZb + ana' - (1 + I{Q) gabncZC] =8r (Tab - §gabT> .
(4.51)
These four-dimensional equations can be written in the 341 foliation approach we

discussed in Section 4.1.1, giving (Bona et al., 2003b):

(@ — Eﬁ) /Yij = —2OJKZ']‘, (452)
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(8t — ﬁg) Kij = —viVjOf + Oé[Rij + VZZ] + V]ZZ — 2KZlKl] + (K — QG)KU
] (4.53)
— k1 (1 + K2) Oy — 8mar {Sij =58 =P,
ZjVjOé
a (4.54)

(0 — L5) O = %[R OV, 270 + (K — 20)K — KUK, — 2

—2K1 (2+ ko) O — 167r,0],

VjOé
o

(0, — Ls) Zi = a {vj (K] — 6!K) + 0,0 — 2K} Z; — © — K1 Z; — 8mS;| .(4.55)
where © = —n,Z% = aZ° and Z' is the spatial part of 72 Z°. The detailed derivation
of the above equations can be found in Appendix B.1.1.

We now move forward to the CCZ4, i.e., conformal and covariant Z4 formulation.
Similar to the treatment in section 4.1.2, we apply a conformal decomposition on
7i; and write the metric in terms of a conformal factor ¢ and a conformal metric

%Vij, such that
Fij = iz, & = [det(vy5)] /S, (4.56)

The second equation guarantees that 7;; has a unit determinant. We also decompose
the extrinsic curvature into its trace part K = K;;7" and traceless part A;;, but
this time the conformal counterpart of A;; is defined using the same scaling as for

the metric for consistency:

7 1
Ay = ¢* Ay = ¢*(Ky — §K%j)- (4.57)

Similarly to the BSSNOK formulation, we need to treat the contracted Christoffel
symbol as an independent variable. But instead of using it directly, we evolve a

slightly modified version of it in the CCZ4 formulation, involving the Z field:
[ ="+ 2792;, T' = 5T, = 39307, = —0,7". (4.58)

The expression of I is simplified, similar to what we see in the gauge section.
Now the degrees of freedom of Z¢, which are from the momentum constraint, are

succeeded by I". Inserting those definitions back into equations (4.52)-(4.55), the
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full equations of the CCZ4 evolution system are given as (Alic et al., 2012):

Oi; = —20ATT + 2%,,0; B* — g%jakﬁk + B*0Hij, (4.59)
Ay = ¢* [-ViVa+a (R +ViZ;+ V;Z; — 815;)]" " + ad;(K — 20) o)
— 204y AL + 24,0, 8" — gﬁijak@k + B9 Ay, |
06 = 500K — 2008 + 8010, (1.61)
OK =-V'Via+a(R+2V,Z' + K> —20K) + f10,K (4.62)
— 3aky (14 K2) © + 4wa(S — 3p),
0,0 = E (R + 2V, 7" — A AT 4 Zpe 2@[() — Z'0;a + 50,0
2 3 (4.63)
— aky (24 K2) © — 8Tap,
oI = 20 <f;l,€!v”f — 349 %—j — gfyiﬂ'aj@ + 23 <048k@ — O — %aKZk>
— 249,00 + 70,0, 8° + %&ikakal@l + gfiakﬁk —T%9, 5
+ 2rg (g’yijZﬁkﬂk - ’yj’“Zjakﬁ’) + BFO, I
— 2ak177 Z; — 160y S;.
(4.64)
da = —20(K — 20) + Fopa, (4.65)
ap" = fo + B 0", (4.66)
Ot = 8,1 — BFO, I + BEObT — bl (4.67)

The TF index in equations (4.59) and (4.60) means the trace-free part of the quan-
tities, i.e., RZ-T]-F = R;; — %%ﬂklel. A new parameter k3 is introduced above in
equation (4.64). In most cases, k3 is set to be 1 for a covariance system, while it
has to be changed to a smaller value (e.g., 1/2) to achieve a stable evolution in a
black-hole system. In the above equations, we also include the gauge conditions
(4.65)-(4.67). They are slightly different from the original 1+log slicing (4.103) and
the Gamma driver gauge (4.108), by replacing K and I with K — 20 and I to
include the effect of the vector Z® during evolution. The detailed derivation of the

above equations can be found in Appendix B.1.2.
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The original CCZ4 formulation is based on the equations above, and we call
this evolution system second order because it requires variables and their first and
second spatial derivatives. We can further introduce a set of auxiliary variables to
recast the system into a first-order formulation Dumbser et al., 2018, which we call
FOCCZ4 below. This first-order formulation is more suitable to the PDE template of
ExaAHyPEand allows us to tune its hyperbolicity in more detail. The new auxiliary

variables are given as:
- ; 1
Ai = 8iOé, B,zg = akﬁl, Dkij = 58}6”’%‘]', PL = @gb (468)

Defined as the derivative of quantities, these variables satisfy the natural second-

order constraints as
WA —0i A, =0, OB} —0,By =0, ODyj—9Dyij =0, 0O Pi—0;P,=0. (4.69)
Because A;; is traceless 77 A;; = 0 and 7 = det(%,;;) = 1, we also have
O (37 455) = 0439 Ay + 790 Ay = 0, 59Dy = 0. (4.70)

The formulation of the FOCCZ4 evolution system is thus given as the following nine

equations for primary variables:

B 5 5 2 ~ 1. ~
O¥ij = B*2Dyij + i BY + A B — g%‘jB]kC —2a (Az‘j ~ 3% tr A)

(4.71)
— 71 (3 = D,
O = BF A, — o?g(a) (K — Ky — 2¢0), (4.72)
08" = B*Bi + fu', (4.73)
o = B*P, + %qﬁ (aK — B}), (4.74)
0, Ai; — B*ORAij — 6 [-ViVio+ o (Ryy + ViZ; + V,; Z)]'F
= ABY + Ay BF — gfxijB,'; + ady; (K —20c¢) — 204,57 A, (4.75)

— 7'71’%]' tr A,
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HK — BFOK + V'V, — a (R +2V,2")

(4.76)
= aK(K —20c¢) — 3akr (1 + k2) O,
1 .
&g@ - Bkak@ — 5&62 (R -+ QVZZZ)
1 9 o ' (4.77)
= 50{62 (ng — AijA”> —aOKc — ZlAZ — K1 (2 -+ lig) @7
A A ) . 1._. ) -
OL" = BT — 20410,0 — M0 BY) — 525" By — 2055 O A,
4 i 22 Mk Dt i Aj vis i
+ 50770 K = 3T By —T*Bj 4 2a (ijAﬂ’f — 3AJEJ)
' A, 2 o ' B (4.78)
— 207" (@— + gKZk> —2AYA; — 4(x§’kDZ’"‘Anm
o
2 .. . . -
+ 2/13 (g’?”Z]Bllz — ;)v/]kZJB]ZC> — 2061%1’7”2]',
bt — BEOb = 9,1 — BEOLT — b, (4.79)

and four equations for the auxiliary variables:

8tAk — BlﬁlAk =+ 0629(06) (8kK — 8kK0 — 208]9@) + ag(a)i/”m@kflnm

= B} A — [2ag(a) + ®g'(a)] (K — Ky — 2¢0) Ay + 20,g(a0) D™ Ay,

(4.80)
. ) 4 ) o
(91532 — 51(913,@ — f@kbz + OJZ/VL% (8kPJ — OJPk) — OZQ[L;/ZJ’N}/HZ (6)le‘,” — 81ijn)
= Blchliv
(4.81)
l 1 ~ m 1 ~ m 1 ~ m A
8tDkij — ﬁ 81Dm-j + s —i’ymia(kBj) — évmj('?(kBi) + §’Y¢j8(1€Bm) + aé’kAij
1 ~ 2
— Oééi/ijg/n’ﬂl’akAnm —+ B/li‘Dl'U —+ B;th + Bkal] - ngDk”
2. nm A A 1. A
— a7 D" Apy — A | Aij — S tr A
3 3
(4.82)

1 |
atpk - 6lalpk - g(b (OéakK - 8(kBll)) - gaqbg/mnakAnm

. . 5 ) (4.83)
= B.P, + 3 (aK — B]) P, + SOK Ay — 200D A,y
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Most of the symbols already appear in the context above and are self-explaining.
tr A =~ fL-j is the trace of the conformal traceless extrinsic curvature. There are
several red terms added to the evolution systems, using the constraints (4.70) above
for a more symmetric characteristic matrix. The g(«) function is the one defined
in the slicing condition in section 4.1.4, and the ”1+4log” slicing is recovered when

g(a) = 2/ Several new parameters are also introduced for numerical optimisation:

e 7 represents the relaxation time to enforce CCZ4 constraints (det?,; = 1 and

tr /L‘j = O),

e ¢ is the cleaning speed for Hamiltonian constraint, following the idea of Dedner

et al., 2002;
e 1 > 0in equation (4.81) determines the effect of the terms from the constraints;

e ¢ controls the contribution from some algebraic source terms in Z4 systems.

Its default value is 1 when the original CCZ4 is used (Alic et al., 2012).

The standard hyperbolic Gamma driver shift gauge is given above but for some

physical scenarios, we also provide the option of the static(zero) shift condition.
The evolution equations above are not completed as we abbreviate some key

quantities for readability. The whole system is closed with the evolving quantities

using the following list of relations:

MAY = —23""3™ Dy i = —2D}7 (4.84)

ff] =3 (Dyji + Djy — Duj) (4.85)
akf?} = —2D;" (Diji + Dji — Duij) + 3™ (0 Diyj + 0w Dyar — OwDiyij )

(4.86)

Ffj = ffg - l:Ykl (VP + Ya Py — 35 F1) (4.87)

¢

T = — 2D (Dyji + Dy — Dii) + 3™ [00:Diyji + 0Dyt — 0 Dyyis)

2
+ 5D;¢nl (VP + Ya Py — 345 P,) — ™ (DyjiP; + DiaP; — Dyij P)
1 i i 1 i .
- 57 "[A10w Py + V0w Py — V0w Py ] + EW "3 PiPy, + 3PP, — 7i; P P)

[0
2
¢

(4.88)
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ho= 0l — Ol + TLL =Ty, Ry = Ry, (4.89)
oI = —2D]T%, + 470, T, (4.91)
1 N . 1 Al
Zi= 3 (M =17), 70 =5t (T = 17), (4.92)
- 1. . .
ViZ; = Dy (I = 1) + i (a0 - o1") - 14,2, (4.93)
R+2V, 2% = $*37 (Ry; + Vi Z; + V7). (4.94)

Notice the second-order constraints (4.69) are used to “symmetrise” the spatial
derivatives of the auxiliary variables in some equations and relations. In code prac-
tice, we also use a simplified expression for the modified Ricci tensor R;; + 2V ;2

from Radia et al., 2022:

Rij+2V 2 =

- §7klak6l%’j + A0 l* + §Fkak'7ij + ' (Fﬁrjkzm + Ffjrikm + F%Hu)

1/~ ~ e = 2 .

+ - <V¢Vj¢ + ’Yijvklvkvlcﬁ) - —2%'ﬂklak¢@¢
¢ ¢
2 - - .

- EZ]C (Yir 050 + Yjr0id — YOk P) ,

(4.95)

with V; Vi = 0;0,¢ — ffj@k(b the second conformal covariant derivative of ¢ and
Tkij == 9l the newly-defined lowered Christoffel symbol.

The final evolution system of FOCCZ4 contains 58 independent variables as
{’?1]7 «, /gia qba A’LJ? K7 67 fia biv Akﬁ) B]Zga Dij7 Pk} . (496)

The complete list of evolving components is given in Appendix C. An example of
the characteristic matrix of the system is given in figure 4.3. The terms that appear
in the pure recast of CCZ4 are plotted as blue dots while the extra terms added
utilising constraints (4.69) and (4.70) are plotted as red dots. One can see clearly
how the improved FOCCZ4 formulation helps enhance the symmetry of the matrices.

The approximately symmetric characteristic matrix leads to strong hyperbolicity of
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Figure 4.3: The sparsity pattern of the characteristic matrix of FOCCZ4 system,
with the terms from the pure recast of CCZ4 plotted as blue dots and the extra terms
added utilising constraints (4.69) and (4.70) plotted as red dots. The Gamma driver
and 1+log gauge conditions are used and the normal vector for the characteristic
matrix is n = (1,1,1)/v/3. The pattern shows an approximate symmetry with the
help of the extra terms, hence giving the evolving system a strong hyperbolicity.
The figure is cited from Dumbser et al., 2018.

the FOCCZ4 system as all its eigenvalues are real and the eigenvectors are linearly
independent. We also compute the eigenvalues of the matrix for wave speed which is
used in some numerical kernels. For a more thorough analysis of this hyperbolicity

and eigen-property of the FOCCZ4 system, see Dumbser et al., 2018.
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4.1.4 Gauge condition

As we mentioned in Section 4.1.1, the gauge condition describes how our hyper-
surfaces (as well as the coordinate system on it) alter through spacetime. We can
control this by specifying evolution equations of the gauge quantities lapse a and
shift 3°. These gauge quantities carry four degrees of coordinate freedom, i.e., the
choice of different gauge systems has no impact on the actual physical process;
rather, it simply represents how the spacetime is decomposed.

Finding a proper gauge condition for various astrophysics processes is not trivial
and requires physical insights and numerical experiments. One significant property
of a well-behaved gauge condition is the ability to prevent (both coordinate and
physical) singularities from arising. Singularities in numerical simulations can be
disastrous and will lead to the infinity of one or more variables and eventually crash
of code.

With a proper treatment in the initial condition (see section 4.1.2), the pre-
existing singularities in the simulation can be avoided. However, if we do not handle
the gauge condition correctly, new singularities may appear during the evolution
due to the attractive nature of gravitational sources. One may see this point more

clearly by considering the simplest and most straightforward gauge condition:
a=1, g =0. (4.97)

This is called geodesic gauge. In this gauge, all coordinates are static for observers
travelling along the normal direction. because there is no shift, and their coordinates
time coincides with the proper time as the lapse is unity. Therefore, the coordinate
lines actually follow free-falling geodesics, which is where the name of this gauge
condition comes from. This gauge soon forms a singularity as long as there are
gravitational sources presented. It is not surprising intuitively, as geodesics, thus
the coordinate lines, tend to focus through positively curved spacetime. Equations

(4.28) and (4.29) become

0K = K K" +4r(p+3P) >0, (4.98)
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dIny*? = —K, (4.99)

under this gauge. The first equation shows that the trace of the extrinsic curvature
is self-enhanced under the geodesic gauge, and the second equation tells us that
the coordinate volume elements approach zero given a positive trace of extrinsic
curvature. It is highly unlikely to achieve a stable evolution in any meaningful
scenario with this gauge condition.

Various gauge conditions have been discovered for different astrophysical pro-
cesses. Here we only describe the most widely-used one in black hole simulations:
the 1 + log time slicing for « and the Gamma driver spatial gauge for 5°. We adopt
these gauge conditions in our black hole simulation application.

The evolution equation of a gains its name as a “time-slicing condition” because
this field describes the time lapse speed through the hypersurfaces. Lower values of «
indicate a slower passage of proper time, while higher values indicate a faster passage
of proper time. A naive choice one may consider to avoid singularities is to make
the proper time in high-curvature regions tick slower, i.e., split more hypersurfaces
as the observer gets closer to the singularity. It indicates a gauge condition that
takes the form of Lya = —F K, where F is a coefficient that may depend on other
quantities. This kind of gauge condition can be derived by defining the so-called

harmonic coordinates (Smarr and York, 1978):

a C a 1 a
W = g Wy, = — Igll/gab(lglmg ") =0. (4.100)

This is a vector equation, so it fixes the four gauge freedoms completely. Usually, we
only apply the time components of this equation, which is also named as harmonic
slicing in this case. Putting the metric formulation (4.21) back to the equation

above, we get our explicit expression of time slicing:
(0 — B'O)a = —a’K, (4.101)

which is in the form Lo = —F K that we have guessed above. This gauge condition

gives a much more stable evolution in many numerical experiments while remaining
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in a rather simple formulation compared to the geodesic condition (e.g., Shibata and
Nakamura, 1995b). To further generalise the condition, we can add an extra factor

on the right of the expression above (Bona et al., 1995):
(0 — B'O)a = —a’f(Q)K, (4.102)

where f(a) is a positive scalar function and only depends on the lapse. One im-
portant limiting form is f(«) — oo when this harmonic slicing gauge condition
approximates the maximal slicing condition. The maximal slicing condition asks for
a vanished trace of extrinsic curvature all the time, which gives better behaviour
with the price of solving elliptic equations during evolution. The infinite factor f
guarantees any region on the hypersurface with a non-zero K does not evolve along
the proper time.

Clearly, we cannot apply an evolution equation that contains infinite factors in
our numerical experiments. Instead, we can try a formulation that approximates

the behaviour. A good choice is to set f(«) = 2/a, which gives
(0, — B'O))a = —2aK. (4.103)
Using equation (4.29) and assuming a zero shift, one can integrate to get
a=1+In7y. (4.104)

We have chosen the boundary condition as a|,—; = 1 above. This is why this gauge
condition is widely called 1+log slicing. This gauge condition has proven to have
a quite good property in singularity avoidance, and it has been very successful in
simulating black hole spacetime with the puncture method that we mentioned in
section 4.1.2. Its good property can be seen intuitively from the observation that a
small spatial volume element gives a small a and further results in a larger f(«). So,
it behaves in a positive feedback style and is more like maximal slicing than harmonic
slicing in the region with high extrinsic curvature (Baumgarte and Shapiro, 2010).

The shift gauge that we are going to apply is based on an analogous definition of
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harmonic coordinates but in three dimensions and using the conformal Christoffel

symbol defined in section 4.1.2:
[ =3, = -9, (4.105)

The second equality uses the fact that 4 = det(%;;) = 1. One can require the
time derivative of this connection function I'V to vanish to get the Gamma freezing
spatial gauge, which finally results in an elliptic equation similar to the one from
maximal slicing (Alcubierre and Briigmann, 2001). The Gamma freezing condition is
quite well-behaved but expensive numerically; therefore, many applications choose
to approximate its behaviour with the so-called Gamma driver gauge condition

(Alcubierre and Briigmann, 2001; Duez et al., 2003):
03" = f(O,T" + nl'). (4.106)

To enhance the hyperbolicity, one can further construct the spatial gauge condition

as (Alcubierre et al., 2003a)

0, — oyt = fU, (4.107)
(0 — 5jaj)bi (O — 5j8j)fi —nb'. (4.108)

This set of equations of 3* and new support field b are called hyperbolic Gamma-
driver to distinguish it from the original parabolic one. f and 7 are parameters
that may vary from problem to problem, and their choices are somewhat empirical.
Our simulations typically use f = 0.75 and n = 1, which is consistent with previous
studies of similar evolution systems in the literature (Alic et al., 2012; Dumbser
et al., 2018).

The hyperbolic gamma driver spatial gauge (4.108), combined with the 1+log
time slicing (4.103), are widely used in evolving puncture black hole spacetimes, and
they show the ability to give long-term stable and well-behaved evolution (Campan-
elli et al., 2006). We adopt these gauge conditions in the following content of this

chapter unless specifically stated otherwise.
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4.1.5 Gravitational wave extraction

The sections above cover aspects of simulating black hole spacetimes as a Cauchy
initial value problem. Therefore we now have, in principle, all the theoretical tools
we need to build our application. However, one may already notice that we make
many assumptions and choices mainly based on numerical considerations: we utilise
our freedom to choose the structure of the spacetime foliation, the shape of the
initial hypersurface, and the coordinate allocation on the spacetime slices, etc...
Most of them are there for stability enhancement and singularity avoidance. It is
reasonable to do so, as different choices of slicing and coordinates just affect how we
cut through spacetime, the actual physical process remains unaffected. As long as
the interested domain in spacetime is fully covered by the simulation, we can adjust
how hypersurfaces are integrated as needed.

Though this freedom is quite useful from a numerical perspective, it requires
us to be more careful in taking full advantage of the simulations. As we men-
tioned in the Introduction, any meaningful astrophysics simulations should be able
to reproduce observations and make predictions for the targeting physical process,
and this is usually achieved by outputting quantities that are also available in the
real observations. These observable quantities should be independent of coordinates
and calculated in the frame of an infinite observer (Earth). Different observable
quantities can be selected for various astrophysics scenarios. In the case of black
holes, particularly rotating binary black holes, the gravitational wave is the most
important one.

There are several ways to extract gravitational waves from a black hole space-
time, and here we focus on the widely-used Newman-Penrose approach (Newman
and Penrose, 2004) that we will follow in our code. The extraction of this method is
achieved by calculating the so-called Newman-Penrose scalars 1g, ¢1, . .., 14 on a dis-
tant sphere from the source (black holes). Those quantities are naturally coordinate-
independent as they are scalar fields. The Newman-Penrose scalars represent the
10 independent components of the (4-dimensional) Weyl tensor and are from the
contraction of the Weyl tensor and a null tetrad (four null vectors that form a com-
plete basis). We can properly choose our null tetrad such that the scalars 1; and 15
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vanish, while 19 and 1, measure the ingoing and outgoing gravitational radiation.
1y, on the other hand, gives the longitudinal part of the gravitational waves. We
are mainly working on the ¢, scalar in our content for obvious reasons.

The choice of a proper null tetrad is not unique, and the notation for those
vectors also varies in the literature. Here we follow the formulation in Baumgarte

and Shapiro, 2010 in which it is defined as defined as:

1
" = i (ef +e2), (4.109)
1
o= (ef —ef), (4.110)
a 1 a - Q
—a 1 a - a
m* = 7 <eé — zeq;) : (4.112)

where €7, ef, €3 e;f) are unit vectors in each direction under the 4 dimensional metric
Jap- The tetrad is constructed such that the only non-vanishing inner products
between them are:

—1%k, = m"m, = 1. (4.113)

Now we use this tetrad to contract the Weyl vector for 14 (the sign convention is

also not universal, different signs are used in the literature):

Yy =Y Copegk®mkeme. (4.114)

4

The upper index ) indicates it is a 4-dimensional quantity. The Weyl tensor is

defined as

1
D Cpea =Y Rapea — 5 (gac(4) Roa — gad™ Rye — goe' Raa + gbd(4)RaC)
) (4.115)

+ 6 (JacGbd — Gadgoe) D R.
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Combining eq. (4.109)-(4.112), (4.114) and (4.115) we get

1

4 e (4.116)

(4 4 -(4 4
o0 T 2i( )Rféfqg + 2 )R&fﬁfé — 2 )qugfé —( )qu;mg .

Now consider the large radius approximation. When we are far away from the
source, the perturbation g,, = 14+ hap, hapy <K 1 can be applied. It gives a linearized

Riemann tensor:
1
DR ped = 3 (0a0ahpe + 040chag — OyOqhae — 0aOching) - (4.117)

We further assume the transverse-traceless gauge in a spherical coordinate (Auger
and Plagnol, 2017) and a static observer, i.e., its 4-velocity does not have formspatial
component, y,u® = 0. In this frame, the perturbed part (wave part) of an outgoing

gravitational wave can be written as:

00 O 0
00 O 0
I (4.118)
0 0 hy hy
The only non-zero components of hq, are hy; = —h 3¢ and hy 3= hgg. We also know

an outgoing wave at a large distance satisfies hqy(t, 7,6, ¢) = ha(t — 7,6, ¢), thus
Orhay = —Oihgap. Using these relations and eq. (4.116), the Newman-Penrose scalar

14 can be expressed as

Wy = =07 hy + O hy. (4.119)

Here we can see the real and the imaginary parts of 14 are measurements of the two
modes of an outgoing gravitational wave respectively. We can further decompose
14 into a superposition of modes with the base s = —2 spin-weighted spherical

harmonics _5Y,,:

00 l
¢4(t7r,9,¢) - Z Z wflm(tﬂa)—QY}m(@aqS)? (4120)

=2 m=—1
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where the coefficients (the mode strength) are found by the inner product

21 ™
m _ / / oY by sin 0dOdo. (4.121)
0 0

For a binary black hole merger, the dominating mode is [ = 2,m = 2, and its

corresponding base function is

) .
—2Ya =4/ %(1 + cos 0)%e??. (4.122)

In code practice, we can calculate v, directly from its definition (4.116) (e.g.,
Baker, Campanelli, and Lousto, 2001), nevertheless, a further simplification can
help reduce the computational burden. We first introduce the so-called electric and

magnetic parts of the Weyl tensor:

Eab = ncnd (4)Ocadb7 (4123)

By = nntWcr (4.124)

where C7% ,, is the dual Weyl tensor and defined as

ca

. 1.
) cadb *— 7€ fdchaefa (4125)

2

where €44 is the four-dimensional volume form. It can be proved that the electric
and magnetic parts are both symmetric, traceless and spacelike, so they each carry
5 independent components of the original Weyl tensor. With these two new tensors,

the scalar 14 reduces to (Alcubierre, 2008):
Py = (B — iBij)mimj- (4.126)

The sum in the expression above is 3-dimensional because all quantities are spatial,
thus all information is included in their spatial part again. Using Gauss-Codazzi

(4.15) and Codazzi-Mainardi (4.16) equations, the electric and magnetic parts of
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the Weyl tensor read as

Eyj = (Ryj— K"K+ Kj(K —©) + DZj —4nSy) ", (4.127)
1 s m - m\TF
Bij - 5 (EmnzD Kj + 6mnjl) KZ ) ) (4128)

where TF is the trace-free index which has the same definition as in section 4.1.3.
As we are considering the vacuum solution, the source term in equation (4.127) is
Zero.

We then construct the null tetrad in our foliation of hypersurfaces. The unit vec-
tors in three spatial directions are derived from a Gram-Schmidt orthonormalization

of the following vectors (Briigmann et al., 2008):

Ui = [_yv x, 0]7 (4129)
U’i = [l’, Y, Z]v (4130)
wt = 'yijejklvkul. (4.131)

which become

vt = V') Ly, (4.132)
u' = (U — V' L)/ L, (4.133)
w' — (W — V' Lyw — U Lyw) / Luw, (4.134)

where L represents the inner product of corresponding vectors, i.e., Ly, := y;;0'u’.
The unit vector for the time dimension can be written as ef = [a~", —a~' ] in the

standard 3+1 language, thus, the tetrad we use are:

* = %[al,—alﬁi%—ui], (4.135)
k* = %[al,—alﬁi—ui], (4.136)
me = iz[o,wwwi], (4.137)
m* = iz[o,wi—wi]. (4.138)



We only need m® when calculating v4. Notice all ¢ that appear above are volume
form, i.e., the Levi-Civita tensors and related to the normal Levi-Civita symbols €,z

with:

/ sgn (det ;) 1
€ijk = |det ’Yz‘j’gijk, €ijk = WEM = m&'jk- (4-139)
%] %]

In the wave extraction zone, the spatial metric is close to the flat one, thus its
determinant should be positive. In our application, we calculate the E;;, B;; and m’
from equations (4.127), (4.128) and (4.138), then put them back in equation (4.126)
to get the real and imaginary parts of the ;.

The last step of the extraction is the spherical integration. The numerical meth-
ods for this are widely studied in the literature (e.g., Trefethen, 2012; Press et al.,
2007). As our particle tracers can be placed at arbitrary positions in the simulation
domain, we adopt the spherical t-design scheme (Brauchart and Grabner, 2015) for
our integration. This method requires the values of the integrated function on a set
of N sample points on the targeted sphere. The coordinates of the sample points

are pre-calculated and can be looked up in the tables. It is shown that the average

of those sample values is also the average of the integrated function itself, i.e.,

™ T N-1
/2 / f(x)sin@dfde = %T Z f(xi), Vf(x;)ell (4.140)
o Jo 5

Here IT* represents the space spanned by polynomials to the degree of . This method
works best when the function of interest has a degree of freedom under ¢. N needs
to be increased if we want higher accuracy by raising t. In our code, we choose the
set of sample points of t = 43 with N = 948 which is given in the datasets from
Womersley, 2015.
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4.2 Code Implementation

In this section, we will present a description of the code implementation of our
numerical relativity application. We will not present the technical details of building
applications here as they have been covered in chapter 2. This section focuses on
the code segments and modules we use in the application and how we combine them
together in the code practices. When applicable, we will refer to the relevant sections
in chapter 2 for the mentioned modules in the following content.

A diagram showing the structure of our application is given in figure 4.4, arranged
according to the workflow of a complete simulation. The white blocks on the left
indicate the different stages of the code execution and the texts left to them describe
processes occurring in each phase. The purple blocks on the right of the diagram
show the different code modules involved in the respective stages of the simulation.
We will go through them in the content below and introduce them one by one in

the same order as they appear in the diagram.

4.2.1 Initial condition Stage

This stage is where we choose our physical process in the simulation. All scenarios
of our application are vacuum solutions currently, so we only need to specify the
initial spacetime structure, including the initial hypersurface layout and the gauge
conditions. The running parameters are also sent to the code when the corresponding

scenario is picked. We will discuss the parameter choices in the result section 4.3.

e Direct Assignment. The rather simple physical scenarios, including the (di-
agonal) gauge wave and the linear wave, can be specified by directly assigning
the initial values of the evolving variables. A detailed description of those
setups is given in Appendix C. For the gauge condition, the harmonic slicing,
which set f(a) = 1 in equation 4.72, and the static zero shift are adopted in

those setups.

e TwoPuncture Library. As we introduced in section 4.1.2, the initial con-
dition of puncture black hole spacetime requires a numerical solution of the

Hamiltonian constraints. Therefore, a direct approach is not practical. We
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Figure 4.4: The illustration of the code structure organised in the workflow. The
white blocks on the left and the texts next to them describe different stages during
a simulation, while the purple blocks on the right show the code modules we utilise
in each respective stage. We go through those segments following the order here in

the main content.

ported the TwoPuncture module from the numerical library EINSTEINTOOLKIT.
This external library receives physical parameters of the black hole systems
like the mass, linear and angular momentum of the black holes, the distance
between black holes, etc... It then solves the Hamiltonian constraints numeri-
cally and provides the spacetime quantities 7;;, K;; and o« that we need. We
still need to specify our gauge conditions while using this library, and we choose
the widely-used combination of 1+log slicing and Gamma driver shift gauge

in our black hole simulations.

Binding Calculation. This code segment is only used in simulations of black
hole spacetimes, where we receive initial conditions from the TwoPuncture
library. This external module only gives the basic ADM quantities, and some
extra calculation is needed to convert them into the evolving quantities in our

FOCCZ4 system. We first calculate the conformal metric 7;;, two parts of the
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extrinsic curvature flij and K, also the conformal metric ¢. Then we use the
fourth-order finite difference to compute the first derivative of those quantities,

which are used to assign values to the auxiliary variables (4.68).

4.2.2 Evolution: Solution update

The actual temporal integral happens at this stage. A chosen computational kernel is
applied to the solution every timestep and the treatment of the boundary condition
and the resolution transition also happens here. There are also some on-the-fly

extension modules that do their work at this stage.

e Computation Kernel. The computation kernel refers to the numerical
scheme we choose to apply to our evolution system. Different computation
kernels handle the PDE system we specify in section 2.1.3 differently, and we
tested several numerical kernels for our numerical relativity application. Cur-
rently, we are using the FD4-RK1-AdaptiveTimeStep kernel, which refers to
the scheme of fourth-order finite difference, first-order Runge-Kutta (Euler)
and adaptive timestep size based on the maximal wave speed (eigenvalues).
The details of this solver are explained in section 2.2.2. We use the lopsided
finite difference stencil for the advection terms, following the idea of Radia
et al., 2022. The finite volume solver in section 2.2.1 turns out to be too dis-
sipating and not suitable in black hole simulations, and we also find that a
higher Runge-Kutta order does not help much in improving simulation quality

n our tests.

e AMR Transition. This code segment is responsible for resolution transition,
i.e., the interpolation and the restriction of the data at those boundaries. Due
to the nature of our FD4 kernel, we need to fill a halo of three layers of ghost
volumes, and it is currently achieved by the tensor product scheme described
in section 2.4.2 with an accuracy of linear order. We are also developing other
methods for AMR transition which provide higher-order accuracy for future

simulations.

e Boundary Condition. Similar to the AMR transition, we need to fill three
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halo layers of ghost volumes on the boundary of our simulation domain. For
the simple wave scenarios, the straightforward periodic boundary condition is
applied. On the other hand, we provide two boundary conditions for the black
hole simulations. The first is the homogeneous Newmann condition which
eliminates the derivatives of every quantity — this condition is rather simple
in implementation but yields a quite unstable boundary. Thus we provide the
Sommerfeld-type boundary condition described in section 2.3.2 and it shows

improved performance in both single and binary black hole scenarios.

Puncture Tracker. This module is developed to track the black holes during
the evolution of binary black holes. During every timestep, we first linearly
interpolate the corresponding quantities from the nearest eight volumes to
compute the shift vector on each puncture position, then a simple explicit
Euler solver is implemented to integrate the shift vector in the other direction

dx!
dt

= = zy =10t b (4.141)

The new positions of the punctures are updated accordingly. This extension is
not optimised within the framework of EXAHYPE2 and will soon be replaced

by the data probe we present below.

Data Probe. The module utilised the particle support of EXAHYPE2. We
present this feature in section 2.5. By freezing particle tracers in the domain,
we can use them to probe the solution at certain positions, which is very helpful
in temporal plotting. We also utilise those static probes to do the spherical
integral in 4.1.5, combining with the ¢/, calculation module below. When we
set the initial positions to coincide with the punctures and ask them to follow
the negative shift vector, those particle tracers behave like the puncture tracker
we described above. As the particle module of EXAHYPE2 is more advanced
in code development, we plan to switch to this feature for black hole tracing

after further tests in the future.
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4.2.3 Evolution: TimeStep PostProcessing

After the solution update, there are still several things that need to be done within
the scope of a single timestep. Algebraic constraints are enforced explicitly, aiming
to clear the accumulating numerical errors, and extra quantities are calculated in
this stage. Those quantities are attached to the evolving solutions and provide more

output information from the simulations.

e CCZ4 constraint enforcement. This segment is designed to apply the
algebraic constraints of the FOCCZ4 system. Those constraints also appear
in the original CCZ4 formulation so we do not specify the First Order in its
name. The enforced constraints include the tracelessness of the ij, the unity
of the det(9;;) and equation (4.70). This enforcement is applied after the
solution is updated in a timestep and the corresponding evolving variables are
over-written to satisfy the constraints. The traceless property is re-achieved
by removing the trace from every component of the tensor, and the unity of

determinant is re-achieved by rescaling every component.

e ), Calculation. The most important extra quantities are clearly the real and
imaginary parts of 14 that represent the gravitational wave signal. We use
second-order finite difference to compute the derivatives of evolving variables
and then calculate 1), following the methods in section 4.1.5. The temporal be-
haviour of this quantity at specific locations in the domain can be extracted by
the data probes above, while its mode components from the spherical integral

can also be calculated using corresponding probes.

e Physics Constraints Output. This module is implemented similarly to the
14 Calculation, but we output the Hamiltonian and momentum constraints
instead this time. They are important physical quantities used to monitor the
correctness and accuracy of a numerical relativity simulation. The calculation
of those extra quantities is separated from the computational kernel and thus
has a rather big freedom of variables outputted. We can examine the interme-
diate quantities, such as the Ricci tensor I2;; or conformal connection function

T, to help us debug during the code tests.
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4.2.4 Visualization

The visualization of the output is the last step of the workflow. Fewer notable
processes occur during this stage, but it plays an essential role in presenting the
results visually for analysis. The raw data outputted by EXAHYPE2 is in its specific
patch format, and every rank plots its output file to reduce the communication cost.
After a straightforward merge-convert process, the output can be transformed into
the standard VTU format, which is compatible with various visualization tools. The
data from the particle probe, on the other hand, is provided in CSV form, allowing
for processing via standard data visualization. In the result section 4.3 below we

will present test results based on these two types of outputs.

e Data Filter. This code segment is designed to provide more control on the
output snapshots. Given the scale of the simulations we conduct and the
number of evolving variables, the resulting output files can be quite large,
thus causing difficulty in loading and manipulating in the visualization tools.
Therefore we incorporated a data filter into our code. This filter enables us to
selectively extract slices and clips from the domain, allowing us to focus only
on the outputs of interest. This feature is very helpful especially when our
simulating phenomenon has some intrinsic symmetry, e.g., the single black
hole scenario. In principle, we only need to plot one-eighth of the whole
domain for a simulation of the black hole at the origin. The left seven eighth
of the domain can be derived according to the spherical symmetry. In code
practice, we usually output the slices over the x-y plane where the single black
hole sits and the binary black holes rotate and this approach significantly
reduces the size of the output files by a factor of ten. We can also specify
what variables are included in our output snapshot. As more than half of the
evolving quantities are auxiliary variables and have some symmetries, there
is no need to visualise all of them. We pick different outputted variables
during the code development for analysis, and the most important quantities
we always monitor closely include the conformal factor ¢, the first entry of

conformal metric 7;; and the time component of the Z4 vector, ©.
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4.3 Simulation Tests

In this section, we report the simulation results of our application on various phys-
ical scenarios. We begin with a standard gauge wave simulation and then proceed
to examine the code performance in the black hole spacetime, covering the single
Schwarzschild black hole, the head-on colliding binary black holes and the rotating

binary black hole merger.

4.3.1 Gauge Wave

The gauge wave scenario is one of the standard test cases for numerical relativity
codes (Alcubierre et al., 2003b), where a flat Minkowski spacetime is considered.
No actual physical phenomenon occurs in the system, however, we now slice our

spacetime dynamically by performing a time-dependent coordinate transformation:

. A
t=1t-— om coslkm(xz — t)], (4.142)
. A
T=x+ Dy coslkm(x — t)], (4.143)
J =y, (4.144)
s= (4.145)

which converts the original Minkowski metric ds? = —dt? + di? + dg? 4+ d3? into the

new formulation as
ds® = —H(z,t)dt* + H(x,t)do* + dy* +dz*, H(z,t) = 1— Asin[kr(z—1)]. (4.146)

It represents a gauge wave propagating along the x-axis with an amplitude of A. As
we know the complete four-dimensional metric here, the related quantities can be

read straightforwardly:

a=VH, fi=0, ¢=H, (4.147)
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and

_ OH  krnA coslkrm(z —t)] B
B = = = 70 (I = Asinlkn(z = i iorhers =0 (4.148)

g Koy kmA cos|km(z — t)]
— AT — - _
K=7"8i = > (1= Asinfkn(z — O]} (4.149)

In Appendix C.2, we provide a detailed description of how this scenario is im-
plemented as an initial condition in our evolution system. The static zero shift
B = 98" = 0 and the harmonic slicing f(a) = 1 are adopted as the gauge condi-
tions for this scenario.

The simulation test we report in this subsection utilizes a computational domain
Q) = [-0.5,0.5] on a regular grid with a periodic boundary condition. The periodic
boundary condition is also a newly-added feature in EXAHYPE2. We divide the
domain into 162 volumes per dimension, thus leading to a volume size of 0.006173.
No AMR is enabled for this test. We set A = 0.1, k = 2 for the physical parameter.
For the running parameters, we follow previous literature, setting x; = 0.1, kg =
0,k3 =05 and e = c =7 = 1.0. We use p = 0.2 for a smaller effect from the
constraints as reported in Dumbser et al., 2018. As for the solver-specific parameters,
the coefficient of the KO dissipation € is set to be 8.0 and a CFL ratio C' = 0.1 is
adopted to be conservative. The parameters f and 7 are not related as the shift
vector does not evolve in the gauge wave scenario.

The simulation runs to a code time of 10. The snapshots of 4, at four cor-
responding timestamps (7" = 3.25, 5.5, 7.75, 10.0) are given in figure 4.5. The
snapshot is an x-y plane slice of the simulation box perpendicular to the z-axis, with
the colour map of the corresponding quantity. We also provide the profiles of 7,
(in black) and Ay; (in red) along the x-axis at these four timestamps in figure 4.6,
with their theoretical values plotted as well for comparisons.

The overall agreement of the evolution of the system with the theoretical predic-
tion is good and the wave shows a constant and correct propagation speed. However,
one may notice that there are deviations accumulating in the simulating patterns
from the theoretical prediction over time. This can be seen more clearly in the

temporal plots 4.7, which are generated utilising the static tracer module of EX-
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Figure 4.5: The snapshots of 4i; at four different timestamps (T =
3.25, 5.5, 7.75, 10.0) in the gauge wave test. The snapshot shows the x-y plane
slice of the computational domain at z = 0. A gauge wave with a velocity of one
code unit travels in the right direction and re-enters the domain on the left due to
the periodic boundary condition. The initial amplitude of this wave is around 0.06
as given in equation (C.2.18).
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Figure 4.6: The profiles of #;; and A;; at four different timestamps (T =
3.25, 5.5, 7.75, 10.0) in the gauge wave test. The profiles are extracted along
the x-axis of the simulation domain. In each subfigure, the curves obtained in the
simulation are plotted as dash lines in black and red respectively, while the analyti-
cal solutions of their counterpart are given in solid lines with the same colours. The
exact formulation of the analytical solution can be found in the appendix, equations
(C.2.18) and (C.2.21). The simulation result shows a general agreement with the
theoretical prediction. However, a growing mismatch between them can be observed
in the plots at later times.
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AHYPE2. In the upper panel of the figure, we illustrate the evolution of the 41 (in
black) and « (in red) at two different locations [z,y, z] = [-0.1,0,0], [0.1,0,0] re-
spectively and compare with their theoretical profiles. Clearly, the amplitude of the
propagating wave undergoes an unexpected growth over time, which should indicate
the numerical error is accumulating in the evolution system.

This is further proved in the lower panel of figure 4.7, where deviations from
the Hamiltonian constraint H (in blue) and the first component of the momentum
constraint M; (in orange) are plotted against the code time at the corresponding
tracer location [—0.1,0, 0]. Both constraints are increasingly violated over time. The
Z4 scheme, which is designed to propagate the constraint violation off the domain,
seems not to work very well in our test. However, it is noted that our further
tests have shown a numerical convergence in the gauge wave scenario, i.e., when we
increase the resolution of the simulations, the constraint violation develops slower
than it does in these low-resolution tests.

One possible theoretical explanation of the growing amplitude is that we are
using periodic boundary conditions, where all quantities, thus also the numerical
errors, will re-enter the system after they propagate off the domain. The magnitude
of the KO dissipation and other damping components in the evolution system may
also play a role here. Section 4.4 below will have more discussions on the long-term

instabilities of our application.

4.3.2 Single Schwarzschild black hole

We now examine the performance of our application in simulating puncture black
hole systems. In our first test, a single Schwarzschild black hole is considered.
The black hole is placed at the origin of the three-dimensional domain, with an
ADM mass M = 1 and zero spin S = 0. The domain in this test has a size of
[—9M,9M? and three levels of AMR based on the radial distance from the central
origin, which refines the domain at radius » = 7M and again at r = 3M. As we
adopt a three-partition strategy for refinement, the volume lengths of each level
are [0.333M,0.111M,0.037M]. The Sommerfeld condition we introduced in section
2.3.2 is used to suppress the reflection effect from the boundary. To avoid resolving
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Figure 4.7: The temporal profiles of the quantities utilizing the tracer feature. Up-
per panel: The temporal profiles of 41; (in black) and « (in red), at the positions
[—0.1,0,0], [0.1,0, 0] respectively, are plotted in dashed lines. Their theoretical coun-
terparts, which are given in equations (C.2.18) and (C.2.25), are illustrated in solid
lines with the same colours. The two quantities show a constant phase difference due
to their locations. A growing deviation of the simulation result from the theoretical
profiles can be noticed. Lower panel: The temporal profiles of violations of the
Hamiltonian constraint H and the first component of the momentum constraint M;
at the location [—0.1,0, 0] are plotted in blue and orange lines respectively. While
showing a fluctuation over time, the increasing amplitudes of both deviations indi-
cate the numerical error is accumulating throughout evolution.
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numerical infinity at the puncture location, no volume center coincides with the
origin.

We construct the initial condition for this test utilizing the ported version of the
TwoPuncture module from EINSTEINTOOLKIT library in our code and choose the

average initial lapse:

1
o= % (;g—m 4 1) . (4.150)
Note that this is not the only possibility for the initial lapse, and other initial profiles
are used in other numerical codes, e.g., GRCHOMBO, as well. However, we do not
see a significant difference when using different shapes of initial lapse in our single
black hole test. The initial shift vector is set to be zero initially. The extrinsic
curvature K;; also vanishes in the initial condition: its trace is zero as we assume
the maximal slicing K = 0, and its residual is zero as no linear or angular momentum
is presented in this system (see equations 4.40-4.41). Furthermore, we also assume
conformal flatness in the initial condition, thus 7;; = 1. Besides the lapse field «, the
only non-trivial quantity in the initial condition of this single Schwarzschild black
hole is the conformal factor ¢, which can be solved analytically from equation (4.43)

as its right-hand size now vanishes. The solution of it is

— — M -
¢=1 2:(1+§) : (4.151)

We use the same setup and running parameters in the single black hole test as
we did in the gauge wave simulation: k1 = 0.1,k = 0,k3 = 0.5,e = c =7 = 1.0
as well as u = 0.2, for a similar evolving system as the original CCZ4 system. The
fully functional gamma driver condition is employed for the evolution of the shift
vector 3% in the black hole system, and we set the parameters as f = 0.75 and n = 1
in (4.73) and (4.79). The KO coefficient and the CFL ratio remain at 8 and 0.1,
respectively.

The simulation runs until a code time of 46 when an instability terminates
the code. The snapshots of the conformal factor ¢ at four timestamps (7' =
10, 20, 30, 40) are given in figure 4.8, which again shows the slices cut along

the x-y plane. One can observe a cross pattern showing up around the puncture in
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the late time of evolution. We also illustrate the profiles of four important quantities
(¢, a, K and 717) along the x-axis in figure 4.9.

According to the simulation result, our application initially demonstrates a stable
evolution of the black hole. However, instability appears after dozens of code times
and continues to amplify. In the final stage of the test run, the solution deviates
from the puncture shape significantly, eventually resulting in a crash. To show the
issue more clearly, we plot the profile of ©, which is the time component of the
Z4 vector, along the x-axis through the evolution in figure 4.10. Only half of the
central regime is illustrated as the profile is symmetric and we are mainly interested
in its behaviour around the puncture. Profiles from six timestamps are plotted in
total. While some initial damping is noticed (blue to orange curve), there is no clear
propagation of the errors through the evolution, and the fluctuation of © (thus the
constraint violations) remains nearly static in space.

We also investigate the source of those numerical errors in the central region.
One possible explanation is that the derivatives of the auxiliary variables introduce
a relatively large error during the evolution and make a significant impact, given that
the primary quantities themselves are small around the punctures. For example, a
primary quantity with a magnitude of 0.05 (a typical value for conformal factor)
would have a derivative around unity under a volume size of 0.04, thus even a 1%
numerical error arose in derivative evolution would have a comparable magnitude to
the primary quantity itself. Therefore, we are reassessing our first-order formulation
and examining if it has intrinsic issues that make a second-order re-formulation
necessary. We again refer readers to the discussion section 4.4 below for details
on this accumulating instability issues of our application when resolving the static
system.

Another observation of this single black hole test is the persistent boundary ef-
fect. It is evident in figure 4.9 that an abnormal fluctuation appears on the two
ends of the profiles, and some quantities («, 771) are affected more severely than
others. While the Sommerfeld boundary condition has already suppressed bound-
ary reflections compared to the homogeneous Neumann condition, it still does not

completely resolve the issue in this case in our tests. The main reason is that the
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Figure 4.8: The snapshots of the conformal factor ¢ in the single Schwarzschild
black hole test, at four different timestamps (7" = 10, 20, 30, 40). The snapshot is
given as the x-y plane slices through the computational domain where z = 0. The
puncture representing the black hole is located at the origin, the center of the slices.
The initial evolution of the system is relatively stable while instability appears at
later times, and one can see clearly a cross pattern arises around the puncture in
the last snapshot.
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Figure 4.9: The profiles of four quantities (¢, a, K and ;1) along the x-axis are
illustrated at four timestamps (7" = 10, 20, 30, 40). As the instability appears, ¢
and «a show a discontinuity of the gradient, which later develops into bumps on the
two sides of the punctures. K and 7;; also show fluctuations in the central region
at later times. Moreover, Those profiles exhibit fluctuations at the two ends, which
arise from the compromised boundary condition we implemented. See the text for

more details.
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Figure 4.10: The profiles of © along the positive x-axis are given at six different
timestamps (T = 7, 14, 21, 28, 35, 42) through the evolution, illustrating the
behaviour of the time component of the Z vector. While some initial damping can
be observed (blue to orange line), the magnitude of © increases over time, and no
clear propagation of the error away from the puncture is evident in the evolution of
the system. That may explain the accumulating numerical errors in our tests.
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simulation box we use is too small and its boundary does not satisfy the assumptions
of the Sommerfeld condition (spherical symmetry and wave-like solution), leading
to a compromised performance. Although enlarging the simulation domain can po-
tentially help to avoid this issue, we choose to continue with our current domain size
as our primary focus is on solving the instability in the central region. Therefore,
using a bigger domain would be an unnecessary waste of computational resources

for now, but this will be considered in future.

4.3.3 Binary Black Hole Head-on Collision

In the following tests, we consider dynamic systems that contain binary black holes.
The first scenario is the head-on collision of two black holes, which shows some
essential features of the binary black hole system.

The two black holes are both set to have an ADM mass of M, = M_ = 0.50
and zero spin, Sy = S_ = 0. The black holes are static initially, with a distance
of d = 4M between them. Without loss of generality, we locate them on the x-axis
at the coordinates [2M,0,0] and [-2M,0,0]. The domain of this test is similar to
the one we used for the single black hole simulation, having a size of [—9M, 9M |3
and three layers of AMR based on radial distances from the origin. The domain
gets refined at radii r = 7M and r = 3M which gives volume length at each level
as [0.333M,0.111M,0.037M]. The Sommerfeld boundary condition is applied and
no volume centre coincides with the exact puncture location, as we did in the single
black hole simulation to avoid numerical infinities.

The TwoPuncture module is again utilized to generate the initial condition for
this scenario. Unlike the single black hole setup, the evolution system in this case
does not have an analytical solution. As interactions between multiple sources of
gravity are presented, the bare mass is different from the ADM mass as shown in
equation (4.45), and this setup gives a bare mass of m; = m_ ~ 0.47214. While the
numerical solution of the Hamiltonian constraints is handled by the external library,

the initial lapse function still needs to be specified. We again use the average scheme
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of the lapse:

1 (1 — 5 (m/r) =5 (ma/ry) 1) | (4.152)

2\ 1+ (mofro) + 4 (my/ry)
where r, and r_ are the distances from the considered volume to the two punctures
respectively. The initial shift is zero. We keep the running parameters of the evo-
lution system consistent with the single black hole case, thus k1 = 0.1, ks = 0, k3 =
0.5,e =c=171 =10 and g = 0.2. The gamma driver condition is still employed
with the parameters as f = 0.75 and n = 1. The KO coefficient and the CFL ratio
are also left unchanged.

The simulation terminates at a code time of 35 where similar numerical errors to
what we reported in the single black hole case ruin it. However, the collision of the
binary black holes is correctly resolved, and the snapshots of the conformal factor ¢
through the dynamic process are shown in figure 4.11. We plot the snapshots for four
timestamps (7" = 6, 12, 18, 24) and show the x-y plane with the three-dimensional
warped wireframes, where the punctures are illustrated as depressions. To further
show the dynamic feature of the system, we illustrate the gauge quantities, the
lapse « as the colour map and the shift 3¢ as the vector field in figure 4.12. Notice
the reversed direction of the shift vector at the puncture location represents the
moving direction of the punctures. In figure 4.13, we also provide the profiles of
four important quantities (¢, o, © and 4;;) along the x-axis at the corresponding
timestamps.

Compared with the instability arising in simulating static black hole systems,
this head-on collision test yields a stable evolution of the acceleration, approaching
and collision of the black holes. The constraint violations, which are represented
by the Z vector, also do not exhibit unexpected growth throughout the dynamic
process. It may be noticed that the magnitudes of © in this head-on collision test
are actually larger than the ones observed in the single black hole simulation (see
figure 4.10). However, the peaks of © always coincide with the punctures and also
travel with them through the domain, and so the numerical errors associated with
the constraint violations do not accumulate at specific locations. Therefore, the
evolution is relatively stable, showing the Z4 scheme is working in this scenario.

This is further supported by the fact that the head-on collision test crashes dozens
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Figure 4.11: The snapshots of the conformal factor ¢ are plotted at four different
timestamps (7" = 6, 12, 18, 24) throughout the evolution. The x-y plane is il-
lustrated in the figure as the three-dimensional warped wireframes, in which the
punctures are represented by depressions. The process of puncture merge can be
observed clearly in the figure.
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Figure 4.12: The snapshots of the gauge quantities, lapse o and shift ¢, are il-
lustrated as the colour map and the vector field respectively, at four timestamps
(T =6, 12, 18, 24) throughout the evolution. The reversed direction of the shift
vector at the puncture location indicates the moving direction of the puncture. For
the head-on collision setup, the shift vector first starts from each puncture and then
points outwards, opposite to the collision direction.
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Figure 4.13: The profiles of four important quantities (¢, o, © and 7;;) are plotted
along the x-axis at four timestamps (7' = 6, 12, 18, 24) during the simulation. It
clearly shows that the fluctuations in the component of the conformal metric and
the constraint violations both coincide with the puncture locations and also travel
with them throughout the evolution. The numerical errors thus get propagated and
do not accumulate at certain locations.
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of code times after the merge, where the simulation essentially reverts back to the
single black hole scenario. Numerical errors then start to build up again and ruin
the simulations. This test demonstrates that our application has the capability to
perform simulations in dynamical binary black hole spacetimes, where the numerical
errors are correctly propagated and cleaned up. We further explore this capability

in the next test case.

4.3.4 Rotating Binary Black hole merger

In the final test cases, we consider the classical equal-mass rotating black hole merger
to further examine the performance of our numerical relativity application, as well
as our gravitational wave extraction code.

To construct the correct initial condition that allows for quasi-circular orbits,
we utilize one set of the computed parameters from Tichy and Briigmann, 2004.
In this setup, the binary black holes both have a bare (puncture) mass of m, =
m_ = 0.46477 and zero spin, S, = S_ = 0. The initial distance between them is
d = 4M. The black holes are located at the coordinates [2M,0,0] and [—2M, 0, 0]
respectively, and rotate on the x-y plane, with the initial linear momentum P} =
[0,£0.19243M,0]. This setup corresponds to an ADM mass of M = 0.5 for each
black hole and a total ADM mass of the system M;,; = 0.98074. We adopt a larger
domain with a size of [—12M, 12M]3 for our rotating binary black hole test with three
levels of AMR. The domain gets refined at radius r = 9M and again at r = 5M.
The resolution of the simulation is set to be consistent with the head-on collision
test, which gives the volume lengths at each level [0.333M,0.111M,0.037M]. The
Sommerfeld boundary condition is imposed and the grid is examined such that
no volume center coincides with the puncture position as we did for other black
hole simulations. The calculator of the Newman-Penrose scalars ¢, as described in
section 4.1.5 is also enabled to output ¢4 in the domain.

We still use the TwoPuncture module to generate the exact initial condition and

choose the average initial lapse
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with vanished initial shift. The running parameters remain the same as the ones in
the head-on collision test, as follows: k1 = 0.1,k = 0,k3 = 0.5,e = c =7 = 1.0
and p = 0.2. The gamma driver gauge condition uses the parameters f = 0.75 and
n = 1. No modifications are made to the KO coefficient (8) and the CFL ratio (0.1),
either.

The binary black holes complete two circular orbits before they merge at a code
time of around 65. The simulation terminates at a code time of 67 when instability
again crashes the evolution. The rotation and merging processes in the simulations
are relatively stable. We plot the snapshots of the conformal factor ¢ and the real
part of the 1, quantities over the x-y plane in figure 4.14, at four different times-
tamps (T = 15, 30, 45, 60), plotted as three-dimensional wireframes and surfaces,
respectively. We point out that the pattern of the ¢, quantity in the near field does
not offer much useful information about the gravitational wave signal, as the wave
extraction utilizing 14 is only valid in the assumption of far-field. Nevertheless, an
examination of its symmetrical behaviour can still be used to check whether our
extraction is correctly implemented. We also present the gauge quantities a and
B¢ in figure 4.15 at these corresponding timestamps. These figures clearly show the
rotating and merging evolution of the binary black holes.

We can also plot the trajectories of the punctures utilizing the moving tracers
support of EXAHYPE2 as we introduced in section 2.5, and the result is illustrated
in figure 4.16. The black holes finish one and a half circles before they start to merge
at the center. The tracers are also used to measure the temporal behaviour of the
14 quantity and figure 4.17 demonstrates the measures of 14 at the location of four
tracers (x,y,z) = (0,0,—8M), (0,0,8M), (8M,8M,0), (—8M,—8M,0) throughout
the evolution. The first two tracers are placed on the axis of symmetry, and the
latter two are on the plane of the rotating black holes. No clear wave pattern can be
observed, while the symmetry indicates that our wave extraction code is correctly
implemented. Though we have all the code techniques required to calculate the
mode quantities from the ¢, by spherical integral, we have not yet examined this
feature due to the limitations in both code time and domain size.

Our application successfully performs this rotating binary black hole simulation
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Figure 4.14: The snapshots of the conformal factor ¢ and the real part of
the Newman-Penrose scalar 14 are presented at four different timestamps (7' =
15, 30, 45, 60), in three-dimensional warped wireframes and surfaces respectively.
The rotation and merging of the black holes can be observed clearly. The pattern
of ¥4 in the near field does not provide much information about the gravitational
wave, as the extraction is achieved utilizing a far-field approximation. However, its
symmetrical shape serves as a useful indicator, confirming that our extraction was
correctly implemented (also see figure 4.17 below).
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Figure 4.15: The snapshots of the gauge quantities, lapse o and shift vector /3%, are
illustrated as the colour map and the vector field respectively, at four timestamps
(T =15, 30, 45, 60) throughout the evolution of the rotating binary black holes. As
the punctures are rotating, the shift vector exhibits a spiral pattern and its reversed
direction at the puncture location indicates the velocity direction of the puncture.
The spiral pattern in the late stage also suggests that the remnant of the merged
black holes carries spin.
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Figure 4.16: The trajectories of the two punctures in the binary black hole merger
test. The two black holes + are initially located at [z,y, z] = [2M, 0, 0], [—2M, 0, 0]
respectively, and their trajectories from the beginning to the crash of the code are
plotting in the figure with orange and blue line. The black holes finish one and a
half circles before they start to merge at the center. The initial distortion may come
from a jump between different MPI regions, and we are still investigating this issue.
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Figure 4.17: The temporal plot of the Newman-Penrose scalars 14, at the location
that is “relatively” far from the central gravity sources. Four tracers are placed
at (z,y,z) = (0,0,—8M), (0,0,8M), (8M,8M,0), (—8M,—8M,0) and the real and
imaginary parts of calculated ¢, are given in subplots with blue and orange line
respectively. Given the symmetry of the system, the two tracers on the axis of the
symmetry have opposite real parts and identical imaginary parts, while the two on
the rotation plane have both the same real and imaginary parts. No clear wave is
observed as the limitation both in simulation time and domain size. The significant
increase in the magnitudes shown after code time 40 is mainly due to the boundary
effect, which pollutes the outskirts of the simulation domain. A much larger domain
and longer simulation time is needed for a practical wave extraction in the future.
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in general and has produced some preliminary results. The process of rotating and
merging is accurately resolved in the simulation, and the locations of the punctures
are correctly tracked by the (inverse) shift vector and our tracers. Once again, the
evolution is quite stable, and an examination of the © field shows that the constraint
violation is also travelling through the domain, thus avoiding the accumulation of
numerical errors at specific locations as in the single black hole case. While the simu-
lation before the merger is relatively successful, instability reappears in the evolution
after the merge when the resulting black hole is roughly static. Consequently, nu-
merical errors quickly build up and prevent us from resolving the ring-down stage
of the evolution.

In summary, this result section shows the capability of our code in simulating
various scenarios of the vacuum and black hole spacetimes. The tests, especially
the binary black hole ones, give a stable evolution, particularly in dynamic systems
where the numerical errors get propagated. They demonstrate that correct physics
is implemented in the code, and the numerical FOCCZ4 scheme works. However,
we observe instability in the long-term evolution of static systems and it leads to
corrupted solutions and code crashes in our simulations. Therefore, resolving this
issue is our primary focus in the current code development. We will delve further

into this topic in the following discussion section.

4.4 Discussion

In this chapter, we have covered the theoretical background, code implementation
and simulation tests of our numerical relativity application. As shown in the previous
section, our code successfully conducts various simulations in vacuum and black hole
spacetimes and provides stable evolution for a certain period of time. However, we
have encountered instability issues in simulations of static systems, resulting in
magnitude amplification (gauge wave) and the unexpected behaviour (single black
hole) of quantities. The same issue also appears in our dynamic binary black hole
system, which crashes our simulation after the black holes reach a nearly static state.

We are thus unable to perform extended simulations for post-merge evolutions and
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remnants of the binary black hole systems.

Therefore, future code developments will focus on this instability issue. We
have devoted significant effort to addressing this instability issue, and while a final
solution is not yet reached, we have gained some ideas of the potential causes of
the issue and possible ways to avoid them. The investigation of the parameter
space in our tests indicates that the running parameters have little effect on this
instability. While different choices of running parameters do influence the exact
evolution patterns, the unexpected growth of the constraint violation is still observed
in the domain during these tests. This instability suggests a more intrinsic issue
in our code, which may arise from two aspects: our evolution formulation or our

technical scheme.

The first potential cause of the instability in the evolving formulation is the ap-
proach we used in calculating derivatives. As we mentioned in the single black hole
test, the instability shows its strongest effect around the puncture, where some of
the primary quantities, such as « and ¢, have a quite small value that is close to
zero. On the other hand, the corresponding auxiliary variables (A; and P;) of them
are relatively large due to the sharp shape of the puncture. Therefore, numerical
errors arising from calculating the derivative of those auxiliary variables would have
a strong impact on the primary variables themselves. To further examine this pos-
sibility, we adopt a variable replacement in some simulation as a test: instead of
evolving the conformal factor ¢ in our system, we evolve its power function y := ¢",
where n is an arbitrary integer that is larger than one'. A similar replacement is
applied to its auxiliary variable as well: PX := 9;x = n¢" '9;¢. This replacement
helps to suppress the issue we explain above by making the puncture well “shal-
lower”, thus reducing the magnitude of the auxiliary variables as well as the errors

in their derivatives computations. The other quantities also need to be modified

! This operation is equivalent to rescale our conformal decomposition, and  is our new conformal
factor now. However, we will continue to treat ¢ as the conformal factor in the following content
for the consistency of descriptions.
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Figure 4.18: The comparison of the profiles of the conformal factor ¢ and lapse «
along the x-axis in the single black hole scenario, at the same timestamp (7" = 40).
The profiles from the test with evolving ¢(n = 1) are plotted in black solid and
dashed lines, while the ones from the x = ¢?(n = 2) case are given in red solid
and dashed lines. It is clear that a higher power of ¢ in the evolution system
suppresses the instability. However, we notice that a similar trend of bump has
already developed for red lines as well, and the simulation in this n = 2 case also
crashes after some time, though later than the n = 1 case.

accordingly, e.g., the modified Ricci tensor R;; + 2V (;Z;) now have a formulation as

Rij +2ViZj =

- 57“(%(91%]' + a0 + §Fkak%‘j +7 <Fﬁrjkm + I Diem + FfkaZJ)
I i(ee s He e 12 3 3 3
+ X ! <ViVjX + %’j’yleszX> + ng YZF (305X + Aik0iX — FiiOkX)
1 - ~ ~
— X [(n = 1)0xdx + (n+ 1)%;7"0xix] - (4.154)

It goes back to equation (4.95) when n = 1.

A comparison of the profiles of @ and ¢ along the x-axis in the single black
hole scenario with n = 1 and n = 2 is given in figure 4.18, at the same timestamp
(T = 40). All other parameters are kept identical. It can be seen clearly that a
higher power of ¢ helps to suppress the instability, not only in the conformal factor
itself but also in the lapse field. However, the replacement does not address the issue
completely, as a similar trend of bump appears in the profiles of the n = 2 case as
well. It is further proved as the simulation with n = 2 runs longer than the n =1

case but still crashes at a code time of 50.5.
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We thus consider the possibility that our first-order formulation may suffer from
an intrinsic issue of the so-called “two-step” scheme, where second-order derivatives
are computed as the derivatives of the first derivatives. As we are using the finite
difference scheme, this approach actually yields a different, and often larger, stencil
compared to directly calculating the second derivatives. This scheme has the po-
tential to introduce extra numerical errors, and the large stencil may also affect the
behaviour of solutions around discontinuities in the domain, such as punctures. As
a potential solution to the instability issue, we are actively developing and exploring
the implementation of the second-order formulation of the CCZ4 system in our code.

We hope to report the influence of this approach in future work.

Another possible source of the instability can be the implemented computation
solver. We are currently using a fourth-order finite difference solver with the Euler
time integration scheme, which may not be sufficient enough to resolve the com-
plex numerical relativity system. The generated numerical error exceeds the limit
that the dissipation scheme can handle and results in the amplifying magnitude we
observe in the gauge wave test. On the other hand, numerical solvers with high
order are likely to become unstable when resolving shock and discontinuity. There-
fore a low-order solver may need to be added to the systems involving punctures.
The low-order solver only works on the small regions around punctures and couples
with the main high-order solver, which is responsible for solving PDE in the rest of
the domain. This solver-coupling idea is utilized in the preliminary work of imple-
menting the FOCCZ4 system on EXAHYPE1L (Dumbser et al., 2018). The authors
implemented a high-order Ader-DG solver for most of the domain but employed a
finite volume solver close to the puncture as a limiter. Our application may benefit
from the same idea. As we introduced in chapter 2, new advanced solvers and the
code framework for solver coupling are currently being worked on and we shall soon
be able to examine them in our numerical relativity code.

Besides considering the source of the numerical errors, we also need to re-examine
the Z4 scheme in our formulation. Currently, the scheme for propagating constraint
violations appears to function well in the dynamic system in our application, which

helps to yield stable evolutions there even with the persistent numerical errors. How-
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ever, we observe no clear propagation when resolving the static system, especially
in the single black hole system. Understanding its behaviour in both static and
dynamic systems requires further investigation, and we plan to look into it more

closely in subsequent research.
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4.5 One Step Further: Evolution System in Scalar
Field Theory

All the theories, formulations and results we presented above are based on standard
General Relativity. One natural topic from there is whether we can extend our
simulation to more general gravity theories. As we are still in the development stage
for the code of standard gravity, we have not tested this possibility of extension at
the code level yet. However, we have looked into the theory and formulation of a
scalar-tensor field suitable for numerical evolution. We give a description of them
in this section for completeness.

The formulation of an extended Einstein Hilbert action with a scalar field that

self-interacts and couples to curvature is given as (Uzan, 2011):

S=[ 122 /=g [F(¢) VR — g*Z()0apOyp — 2U () + 29V aZy] + Swmatter [¥; Gas) -

(4.155)
We have again added the Z vector above and ¢ is the scalar field. F(¢), Z(v), U(p)
are three functions that only depend on the scalar field and determine how it couples
with other elements in the spacetime. To be more precise, F(p) describes the
coupling of the scalar field to curvature, Z () describes possible non-standard kinetic
energy of the field, and U(y) describes the scalar field’s self-interacting potential
Shatter [¥; gap] 18 the action for the matter in the universe and we will focus on the
vacuum solution and so will not include it in the following content. The variation

of the action above gives the new extended field equations for metric and the scalar
field:
1
F(@)[" Rap = 590 R] + VaZy + Vi Za = gu NV Ze = k1[0 Zy + mZa + Kagarne 2] =

1
81Ty + Z(0)[VapVip — §9abVC<chsD] + VoVioF(9) = gV VE () — gl (),

(4.156)

dF dz dU
tp=_—Wp_ 2 24977 4.1

27(0)V, Ve i R i (Outp)” +2 i (4.157)
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The trace-reversed field equation is

F<<10>(4)Rab + VaZb + vaa - /fl[naZb + ana - (1 + HQ)gabnch] =

1 1
87T<Tab - _gabT) + Z(@)Vasﬁvb@ + Vava(QO) + Egabvcch(Qp) + gabU(So)‘

2
(4.158)
The Hamiltonian and momentum constraints in this formulation can be derived

using a similar approach to the derivation of (4.17) and (4.18), and they give

F(p)[R+ K? = Ko K®) = 16mc + Z(p)[2K2 + Vo V]
+ 20"V Vi F(p) + 2V, VF () + 2U ()
+ 21 [20 4 Ky0] — 210"V, 7y — 20NtV Z, — 2V°Z,,
(4.159)

F()(DyK? — D.K) = 87S. + Z(p) K,V ap — 12V, Vy F () (£160)

+ f}/gnbvazb =+ ’ygnbvbza + /flf)/gza-

In the equation above we defined the extrinsic curvature counterpart of the scalar
field:
K,=—L,p=-—n"Vup (4.161)

The following 3-dimensional evolution equations for a Z4 system can be derived from

the field equations

((9t — /:5)’}/1']‘ = /v‘n’)/ij = —2Kij, (4162)

QI—Q |

(0r — L) = Lop = —K,, (4.163)
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1
~(0r = L) Ky = LoKG; =

1 1 1
— —ViVjOz — 2KllK]l + Rij + KKZJ — —87 (Szg — 5(5 - p)%]>
(6]

1 F(e)
+ ) ViZ; +V;Z; — 20K, — k1(1 + k2)Oi; — U(p)vij]
- vavjw - %(Vﬁjs@ — Ko Ki)
%fy,-j [%(vkw% - K2+ 1;,;3 (V*Vip + V¥ InaVip - KKw)]
(4.164)
é(at —Lo)K, = L,K, = [QZ(go) + 3];: ((‘f;);] B
- [Z’(go) + 2F/(}D()5)(‘P) + 5F/(§)(SFO;<¢)} VipVip — {22(30) + 3?2?)2] V,InaVip
+ {22(@ + 51?(22))2 KK, + 2?&5)) {zm(s —3p) — 3k (1 + K2)O + 2V, Z0 — 2@}(}
20" () 6];((5))U( )},
(4.165)

1 . . )
Oz((% - Eﬁ)@ = éF(gD)[R—f— K2 - Kin”] + VZZZ —OK — ZZVZ Ina — lil(2 + Iig)@ - 87Tp

- %Z(s@)KZ - BZ(@ + F”(s@)] VipVip — F'(p)ViVip + F'(p) KK, — U(p),

(4.166)
é(at — L) Z; = F(9)(V;K! —V,K) — 81S; — k1 Z; + V0 — 2K! Z; — OV, Ina
—[2(p) + F'(9)| K, Vip — F'(9)Vil, + F'(9) K] V0.

(4.167)

The detailed derivation can be found in Appendix B.2.1. Two extra evolution equa-
tions of ¢ and K, enter the system. Most notation follows those in section 4.1.3, and
(double) prime indicates (second) derivatives with respect to ¢: F'(¢) = dF(¢)/dyp,
F"(p) = d*F(¢)/de*. One notable observation is that now the evolution of extrin-
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sic curvature is coupled with the evolution of K, as the red term we marked in
equation (4.164).

We then continue to develop this formulation by applying conformal decompo-
sition and adding auxiliary variables as described in section 4.1.3. A new auxiliary

variable that represents the derivative of scalar field ¢ is also needed:

The detailed derivation (see Appendix B.2.2) finally leads us to the FOCCZ4 system

evolving with a scalar field, containing 11 equations of primary variables:

. . . 2. ~ 1. ~
Oi; = 28" Dyy; + %iBf + Y BF — E%-jB,’j —2a(A;j — gvijtrA)

(4.169)
-7 (f\ - 1)7£J7
o0 = B P, + gqb (aK — B}), (4.170)
Oip = B, — Ky, (4.171)
oo = A, — o f(a) (K — Ko — 2¢0) , (4.172)
o8 = B*Bi + fu', (4.173)
b — BroRb = 9,1 — BFo I — ni, (4.174)

TF
8t ij 5 ak; ij ¢2 — DiDja+ aR; + (DiZ; + D;Z; — F/(‘P)DiDjSD)]
20 }
F(p)

F’ ~ N
[HlHJ]TF + F(if)) OZK@AZ'J‘ — T_l’?/ijtrA,

(6]
F(p)
_ . 9 . - _

F'(o) + Z(p)

~UC TR )

(4.175)

. . 2 F’ .
K — BiO,K + DD — {R v 2 pig 2@ D’Digo}
F(y) 2F ()

. B 20 B 3 ok . 3 3 _BF”(gp)—s—QZ(gp)Oé it
B K<K F«o)) Fg) ()97 F U ) 2r(p)
5F(¢) 3F"(p) o 3F(g) 0 3F(p)
FaRe) T 2R T 2R T T 2R
(4.176)
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0,0 — B*0,0 — % [F(@)R +2D,7" — F’(@)DiDicp}
2 . )
= —F(p) {51@ - A”A”} —aOK — Z'A; — aki(2 + k2)0O (4.177)
1 1 ‘
S HAAKE [ 320) + ()] allTL 4 P () E, — aUp),
kqa 1 4 ~ij ~ ki ~kl i 1 ~ik l / ~ij
— B0 I + 37 0;K — 207010 — 470 Bjy — 37 OwByy + 2aF" (0)7 D K,
2~i I 7 i Aj ~z“P' ~ ki A 2
=T By —T"BL + 2aF (p) (rjkAJ’“ - 3AJEJ) — 204" (@— + 3sz)
o 2 ) ) .
— QOZAZJAJ' + 2/‘63 (g’?Z]ZJB]l: — ’S/JijBlZc) — 201/{1’3/sz]‘

- -~ 1
+ 299 — alZ(p) + PO + aF () AT+ aF ()KL,

(4.178)
0K, — BOK, —«a [QZ(@ + 322((“;))2] . {F’(@)R - {2Z () + 51;/((‘2))1 D;D'p + 4?(%) Dizi}
—a [22(30) + 3‘2((‘;)) } {F (¢ )[21(2 — Ay A) + [Z’(g&) + 3F/(§)(Z;(‘p)] K>
[Z’( )+ ok '2625)( o) 457 Fi ’)’( )}HJP - {zm) + 3?((2‘;)) ]in
F'o)] - E Y A ()

[ )+5 (o) K, — [3 1(1+ 2)O+29K} +2U' () GF(@ U(gp)}

(4.179)
and five equations for the auxiliary variables
@Ak — BlﬁlAk -+ ()é29<614) (8kK — ang — 208k@) + (4 180)
= Bl A, — [2ag(a) + o*g(a)] (K — Ko — 2¢0) Ay,

OB, — OB, — fob' = BLB], (4.181)

1 ~ m 1 ~ m 1 ~ m A
Ot Dyij — 5181171@' + s <—§’Ymi5(k3j) - §’ij3(k3¢) + g%’jﬁ(kBm)) + a0, Ajj

2 ~ 1. ~
gBlleij — Ay (Aij — 3% tr A) )

(4.182)

= B]lngij + B;Dkll + BEDklj -

1 1 1

0P, — B'OP, — 3¢ (adK — 0wB}y) = Bi.b + 3 (aK — B) Py + SO A,
(4.183)

Ol — BEFOIL; + a0 K, = —A; K, + BFTL,. (4.184)
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In the equations above we use blue colour for the new terms arising from the scalar
field, except in the equation of K, which is completely new. Additionally, we use
red colour to indicate terms added to enforce the algebraic constraints (det(%;;) = 1
and trd;; = 0).

The hyperbolicity of the system needs to be re-examined due to the existence
of the scalar field and that is why we remove those extra terms in red colour in
equation (4.71)-(4.83). Those terms are added solely for symmetry enhancement,
and they may take completely different forms in the scalar field theory. Therefore
it makes little sense to keep them in the evolving system for now. The construction
of the initial condition is not covered here for a similar reason. The constraints we
need to solve for the initial condition can be derived from (4.159) and (4.160) in a
straightforward way, but the Bowen—York approach we introduced in section 4.1.2 is
currently only applicable to the standard gravity. it is very likely that the momentum
constraint does not admit an analytical solution anymore and a numerical solution
of the momentum would be necessary. Also, the puncture method may lose its
good properties given the different shapes of the Hamiltonian constraint, and the
gauge condition requires a reassessment as well. There are still many challenges
in simulating black holes under scalar field gravity. We plan to explore this topic
deeper in the future, once our application is fully functional within the scope of the

standard gravity.
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CHAPTER b

Summary and Outlook

5.1 Summary

In this thesis, we present the two astrophysical applications implemented on the

platform ExXAHYPE2.

e In our spherical collapse application, we have studied the spherical accretion of
collisional gas in both an Einstein de-Sitter universe and SST gravity model.
Notably, we have successfully derived self-similar solutions for some special
cases within the latter class of models. This is the first time such solutions are
found and reported as far as our knowledge goes. The simulation output also
yields good agreements with the theoretical prediction we found. This thus
not only verifies the existence of self-similarity in the considered models but

also proves the reliability and correctness of our application.

e In our numerical relativity application, we have looked into various simulation
cases, including the gauge wave, the single Schwarzschild black hole and the
head-on collision of binary black holes. Additionally, we performed a binary

black hole merger and reported its preliminary results, as well as its prediction
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of the gravitational wave. With the code development we covered in the cor-
responding chapter, our application has already shown the capability to carry
out simulations of vacuum and black hole spacetimes. However, certain issues
affecting the long-term stability of static systems still exist, and efforts to fully

resolve these issues are ongoing.

In addition to reporting our astrophysical application, we also presented the
technical development of the EXAHYPE2 engine itself during the implementation
of these applications. We improved the old finite volume solver and wrote a new
solver based on the fourth-order finite difference scheme. We also incorporated new
Sommerfeld-type boundary conditions and a refinement transition strategy compat-
ible with the multiple-layer halo. These enhancements successfully suppressed the
numerical fluctuations and reflections at the domain boundary and the AMR bound-
ary. Furthermore, we also deployed and tested the tracer module in EXAHYPE2,
which provides us with better flexibility on the data output of our simulations. Those
technical advancements are compatible with other applications based on the engine,
and enhance the overall capability of EXAHYPE2 to address future problems in a

wide range of scientific and engineering domains.

5.2 Outlook

We are still actively developing our applications, aiming to solve the existing issues
and improve their efficiency. Furthermore, we plan to incorporate more realistic and

complex astrophysical scenarios in our applications as well.

e In the spherical collapse application, we now have a working hydrodynamical
simulation code, where new models of gravity can be straightforwardly im-
plemented. A natural next step based on that is to run simulations for more
realistic modified gravity models that do not have self-similar solutions, in-
cluding the original DGP model, the K-mouflage model and the chameleon
model. For the latter, we may need to either add a multigrid solver for the
scalar field or adopt some approximate solutions such as the thin-shell solu-

tion. In a future project, we will compare the collapse of collisional gas in
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these different models in detail. If the above speculation, namely the spherical
solutions rescaled by the true turnaround radii of models are approximately
the same in different cosmological models, turns out to be correct, then the
differences in the physical solutions of these models can be largely ascribed to
the differences in their turnaround radii, which might offer a simple way to
model the modified gravity effects. In addition, we plan to add more physical
processes, such as radiative cooling (e.g., Abadi, Bower, and Navarro, 2000),
in the code, to understand how they interfere with the effects of a modified
law of gravity. Altogether, these will hopefully offer us new insights into the
behaviour of gas, and hence the galaxy formation process, in modified gravity

models.

In the numerical relativity application, addressing the instability issues that
affect long-term performances is still our primary focus for now. Once this
issue is successfully resolved, we shall achieve a stable and properly running
code for black hole simulations in standard gravity and be able to extract
gravitational wave signals from those systems. Our following plan is to include
modified gravity theories in these systems. While this thesis has reported some
of the preliminary explorations of the scalar-tensor theory of gravity (section
4.5), there is still substantial work that needs to be done for a numerical
relativity code that can perform simulations of binary black hole mergers in
this framework. For instance, the hyperbolicity of the evolution system and
the choices of the gauge condition need to be reassessed; the current approach
to constructing the initial conditions using the puncture method may no longer
be valid and the alternative technique such as black hole excision may need to
be implemented in future simulations. These considerations in physics require
further development of our numerical scheme and code. Moreover, we also have
plans to incorporate the matter components in our application, expanding our
simulation scenarios to include other compact objects in the universe, such as
neutron stars, and the accretion around them. By further combining these
advancements with the implementation of modified gravity, our application

will have the capability to examine gravity theories in the strong-field regimes
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and provide prediction and insights into future gravitational wave detection

projects involving compact objects.

Besides the advancements of the astrophysical applications, we also have plans to
further enhance the technical capacity of EXAHYPE2 engine. There are several new
features that are in active development. For example, EXAHYPE2 will soon provide
more advanced computation solvers, such as local time-stepping based on resolution
or eigenvalues, and the arbitrary-high-order-method-using-derivatives (ADER) DG
method. These solvers will provide higher accuracy and efficiency in future simu-
lations. The solver coupling framework in EXAHYPE2 is also under test, which
will enable users to implement multiple solvers simultaneously in their simulations.
The different solvers can help correct the evolutions of each other, resulting in bet-
ter simulation quality. Additionally, users will also have the ability to manipulate
the data transfer between patches more closely during timesteps, which provides a

potential approach to implement higher order PDE formulation on EXAHYPE2.
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APPENDIX A

Spherical Symmetry of the Simulated Solution in the Spherical

Collapse Application

In this appendix, we show that the simulation results from our Spherical Collapse
application are highly close to exact spherical symmetry during the stable evolu-
tion phase. In Figure A.1, we plot the rescaled profiles of the same three physical
quantities discussed in Section 3.3, sampled along six different directions (shown
in different colours) from the same simulation. The sampling directions are all on
the z-y plane from a slice of the simulation box perpendicular to the z-axis. The
coordinates shown in the legend are the starting and ending points of the sampling
axis, while the black dashed line is the theoretical self-similar prediction plotted for
comparison.

These profiles all agree with each other nearly perfectly except in the small
region immediately inside the shock in the velocity profile (middle) panel, where the
curves in different directions deviate from each other slightly and the profile in the
diagonal direction (brown line, (0,0)—(1.5,1.5)) shows the most similar shape to the
theoretical pattern (though the simulation result has a different amplitude due the
reason explained in the main text). In particular, we note that the shock position

is in good agreement along the different directions.
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Figure A.1: The rescaled profiles of physical quantities in six different directions
(as given in the legend) from the same simulation. It shows that the profiles of
all considered quantities only have a very weak dependence on the direction along
which we sample the solutions. See the text for more details.
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APPENDIX B

Detailed Derivation of CCZ4 Evolving Formulation in

Numerical Relativity

In this appendix, we provide a thorough derivation of the evolving equation we
introduced in sections 4.1.3 and 4.5. The notation we used here is consistent with

the ones in chapter 4.

B.1 The Standard Gravity

We show how we derive the evolving system (4.71) - (4.83) from the original field
equation (4.50) in this section. The derivation of the ADM formulation (4.24) -
(4.29) is not included here. However, it can be found in any standard Numerical
Relativity textbook (e.g., Baumgarte and Shapiro, 2010). We will also use the
following Hamilton and Momentum constraints of the Z4 system, which can be

derived using a similar approach to the derivation of (4.17) and (4.18):

1
R+ K? - KpK® = 2nPn" YR, — §g1(,ﬁ)R]
= 167p + 2k1[20 + k0] — 200"V, Z, — 20"V, Z, — 2V°Z,,

(B.L.1)
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1
§9§;§~)R]

(B.1.2)
= 87S. + K1Ve Lo + vgnbVaZb + VgnbeZa.

DyK? — D.K = —Pn"[YR,, —

B.1.1 From Field Equation to Z4

Our first step is to get the Z4 system (4.52) - (4.55). The evolving equation of 7;;
(4.52) is the same as it is in the ADM formulation (4.26), thus no work is needed.
We then check the evolving equation of K;;. We start the derivation from its Lie

derivative over n:

1
LoKap = ndn07375(4)Rdrcq o aDana — Ky Kc

1 T T
= —aDanoz - Ky Ko + ycdygyb(‘”Rqu — Yy, (4)R,,«q

1
=——D,Dya — Ky K,e + Ry + KKy — Koo K
(07
1
- 7371: [87T<T7’q - §gqu) - VTZq - quT + K1 (nTZq + anT - (1 + K/Q)qunczc)]
1 1
= —aDanO[ + Rab + KKab — QKGCKg — 87T(Sab — §<S — p)’}/ab)
+ Q,YEVEIV(CZd) - KI(HQ + 1)’Yab@~
(B.1.3)
We have

299V (Zay = 2957 Ve Za
= WVAIN Zg + VANV  Za
= eV (Ve Za) = %75 2aV Al + (a < b) (B.1.4)
= YV (Y Za) — YA Zan?V ene — VA2 VR + (a <+ b)
= WV (V4 Z4) — OK gy + (a < b).

Its corresponding spatial expression is V;Z; + V;Z; — 20 K;;, then simply use Ly =
al, + Ls we get the equation (4.53).

186



We use a similar approach for the evolving equation of ©:

L£,0 =n'V,0

=n"V,(—n"Z,)

= —n*n’V,Z, — n*Z,Vn®

= n*n"VyZ, + V°Z, + %[R — K K® 4+ K? — 167p — 261(2 + k2)O] — nZ,V n®

= nn"VyZ, — n*ZVon® + [Y*vviINV (V5 Z,) — nnV 2, — n°Z,V 4n"]
- %[R — KK 4+ K? — 167p — 251 (2 + k2)O)]

= %[R + 27" YV (V5 Ze) + K* — K K™ — 251 (2 + £2)© — 167)
—n°ZNn® — nZyVnb

= IR+ 2 5 e) + K~ KK — 2m1(2 4 52)O — 1670
—nZNn® — nZ, K + n'nyZn*Von, — OK — fnyb(Da In «)

1
= E[R + 297 IV (V5 Z.) + (K — 20)K — Ko K™ — 27 Z°V ja/or — 261 (2 + K2)© — 167p]
WJrW,

Then we get the equation (4.54). The 4th equal sign uses the Hamiltonian constraint

(B.1.5)

(B.1.1). The 5th equal sign uses the relation:

YAV AIN (V5 Z) = AP NAEN o Ze + VAR ZnN g + Vot ZengV )

= Y[V oZy + 0V o Z, + 11V o Zy + 00010V Ze

0 Z N gty + 1 Zenng NV ny + 0 Zermp ang + n ZenSram gV o]
=V, 2+ nn°NV.Z, + n°Z.V n".
(B.1.6)

The 7th equal sign use relation:

—OK — 4 Z"D,Ina = —OK — 4 Z"n°V n,
(B.1.7)
=nZ,K — Z,n°V.n® — nnpZ°nV .ng,

where we use another relation n®V,n, = D, Ina.

The evolving equation of Z; is the spatial part of its counterpart for Z, = 427,

187



which is derived as:

La(VoZy) = nVe(veZs) + 122V an
= nCZchvg + nCVZVch + Z,V, n®
= nZy)V el + Z,Vanb + DyK? — D K — 878y — ki Ze — 4oV 2,
= DyK? — DK — 878, — k1752,
+ [n°Zyn"Veng + ZyVon® — nVoZy — nnbngV .2y + n°Zyng Ven').
(B.1.8)

The 3rd equal sign uses the Momentum constraint (B.1.2). On the other hand, we

have

VL0 — 2K e Z A0’ ZynV ng
= V(0 Z:) 4+ 2(Van® + ngn® ")V Z. + n° ZynV ng
= —nVoZ. — ZNVan® — n'n,Vy(n°Z,)
+ 27,V an® + 2Zyn 0V nb + nb ZynVong
= [n°ZynbV ng + Z,Von — n’V, 2,

+ 1 ZyngVen® — n®nn,V,yZ,].

(B.1.9)
This is equal to the second line of the last step of (B.1.8).
La(VoZy) = DyK! — DK — 818, — k17, Ze
(B.1.10)
+ vgvb@ — 2K27§ZC +nbZynV.n,.
We also have
VPV,0 — 0,0, n’ZnVmn, - —-OD,Ina - —OV,a/a, (B.1.11)

when moving to the spatial part of the equation. It finally leads us to the equation

(4.55).
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B.1.2 From Z4 to FOCCZ4

Our next step is to derive the CCZ4 system (4.59) - (4.64) based on the conformal
decomposition (4.56), (4.57) and the new evolving variable TV (4.58). Following
that, We introduce the auxiliary variables (4.68) in our system to get the FOCCZ4
equations utilised in our application.

We start by checking the evolving equation of conformal factor ¢. Notice

Oy = 'Y'Yijat’}’ij
= Y9 (=2aKy; + Dyl + D;Bi + B Dyryij) (B.1.12)

= —2aKy+2yD; " + 5* Dy,

and v = ¢~ % we immediately get
O = gOfKCb - §¢ak5 + 8% 0n9, (B.1.13)

which is equation (4.61).

The evolving equation of K is given as

(0y — Lg)K = (0, — L) [v7 K]
= Kij(0, — Lg)(V7) +47(0, — L) K.

(B.1.14)

By inserting the equation of 7%/, which is the lifted case of (4.52), and Kj;;, we can
derive the equation (4.62).

Similarly, we have

(0r — Ls)7ij = (00 — L) (™)
= ¢* (0 — L5)Vij + 27500 — L)

(B.1.15)

for 4,5, use equation (4.52) and (4.61) we get equation (4.59).
The evolution equation of © in the CCZ4 system (4.63) is nearly the same as
it is in the Z4 system (4.54), the only term that gets changed is the expression of
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contraction of K;:
ij -2 3 1 25 Lo i 1ii 7 L.
For evolution of /L-j, we have
~ 1
(0 — L) Aij = (0y — L) " (Kyj — gK%‘j)
1

3
1 1
- §¢2%‘j<8t - ﬁﬁ)K - §¢2K(at - 'CB)%‘]‘-

Use equations (4.61), (4.53), (4.62) and (4.52) and performing a series of intricate
calculations, we arrive at (4.60).
For evolution of f‘i, we have
Ol = 0,(—0;7"7 + 27" Z;)
T o (B.1.18)
= —0,0Y" +2Z;0,77 + 2770, Z;.
Again the usage of equations (4.59) and (4.55) gives us the equation (4.64). Most of
the terms are just merged and recast in the new notation, but there are two terms
that get rewritten and simplified:

—200; A7 + 2077V, A, = 20(1%, ATF — 347 aﬁ—j). (B.1.19)

We prove this simplification as follows: first, one may notice that

—200;A7 + 2077V, A, = —200;A7 + 2077 (AL + T!, A" —T%, A™)

T o (Bago)
= =20 A" 307" + 2097 (1,, AT — 15, AT").

On the other hand, we have

201 AT = « AT (0 i + OkVmj — OmVik)
" s v (B.1.21)
= 20 AT 5,,0,7™ — « AT 0 Ak
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Thus we get

—2a0; A7 + 2077V, A = 2T ATF + a ATPY™ 0, A + 2047 (T, AT — T AT

= 22l A% + a AP*50,, 7y, + 22 A™ (T, — 38%9%
AM 35 (T am¢ 8¢ ~ ~nan¢
— 204, 'VJ(Fé'm - 5§7 - 5571?7 + Vjm¥ 7)

S N o O,
= 2al, A% + a A0, A + 20 A™ (T, — 3%)

I R -
- 20 (391}, 3" 2 5T

= 20([, A 3@%)

+ AR5, A + 20A™TY ) — 20 ATFITY
(B.1.22)

the second equality uses the relation (it slightly deviates from the one we introduced

in section 4.1.2 as the definition of conformal factor is different):

% al za¢ za¢ ~ ~Za¢
U =T — == — o= +7jkz7lj7-

i ; (B.1.23)

A further examination shows that

a AR5 MO, Ak + 20A™TY | — 20 AT
=a A0, 5 + o[ A" A* (DT + Ok Ok Tm1) — A4 (03Akm + Onng—0rTm)]
:aAjk,?imam,yjk - Oézzlmki/ijajﬁ/km
=0.

(B.1.24)

Therefore the equation (B.1.22) is identical to the simplification we show in equation

(B.1.19).

Introducing the auxiliary variables into the evolving equations of primary vari-
ables (4.71) - (4.79) is straightforward, we simply replace the spatial derivatives of
@, A%, 4;; and ¢ with the corresponding variables in (4.68). The evolving equations

of the auxiliary variables themselves are derived using the commutativity of the
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derivatives:

We then put the equation (4.72) into it and get (4.80). The equations (4.81) - (4.83)
can be calculated in a similar approach.
The relations (4.84) - (4.94) we used in our FOCCZ4 system can be derived from

their definition straightforwardly, the only relation in a little tricky is (4.84):

O = 01,013

= /?m’?nmak’?m]
= —ZDZj,
where we use
A O™ 4 3™ O A = Ok (Frm ™) = 0% = 0. (B.1.27)

B.2 The Scalar Field Theory

We then give the derivation of the evolving system (4.174) - (4.184) under the
scalar field gravity, starting from the equations (4.156) - (4.157). Throughout the
calculation, the two constraints (4.159) - (4.160) presented in the content will also

be utilised.

B.2.1 From Field Equation”s” to Z4

Again, we first derive the Z4 formulation (4.162) - (4.167) for the scalar field gravity.
We first notice that the equation for ;; (4.162) is identical to the one in the
standard gravity and the equation for ¢ (4.163) is from the definition (4.161), so no

derivation is needed for these two equations.
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The evolving equation of K, is again from its Lie derivative along n:

1
LoKy = ——DyDyor — 2K Ko 4+ Rap + KKy — 7@ R4
«
1
= ——DanOé — szKbc + Rab + KKab
«
1
- F_l(gp)fygfyg 87T(Tcd - §gch) + Z(QO)VCQPVdSO + chdF<g0)

1
+ igcdveveF<90) + gch(SD) - VcZol — Vch

+ K1 [neZa+naZe — (14 K2)geane Z°] ]
1 . . 1
= —aDanOé — QKGKbC + Rab + KKab —F (g0)871' Sab — 5(5 — p)’)/ab

+ P 0) eV (Ve Za) + eV e(vZa)) — F7 ()20 Ko
— Fﬁl(@)’ﬁ(l + K2)Yap© — ’YabFfl(@)U@P)
— C 1 e
— F Y o)VA Z(9)VepVap + V. Vo F (p) + 9edV VeF(sO)}

(B.2.28)

The first three lines could be translated into spatial expressions easily. We then

check the final line:

1
—F o)y [Z (©)VepVap + V.V F (@) + §gchCVcF(s0)]

-~ ——FU(('D;(J;)Z ) (69.0)(1V )

— C / ]' 124 e / e
P gt [F (O)VeVap + L F () Vo6V + F()V w)}

2
__Fo)+Z(p)
F(p)

— F‘l(s@)%%b {F”(w)(vef (VoVep) (ViV ap) — K2)

(VVe) (Vo) — FH @) F'(0) Ve V(Wi Vep) — Ko Ko

+ F' (o) (YA V(1] Vg0) + o (D) (Do) — KK, + ﬁan;)]

(B.2.29)

One can see the evolution of K is coupled with K, now. The first equality uses

relation:
Vo ViF(p) = F'VoVip + F'V, V. (B.2.30)
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The second equality uses relations:

VANV VeV ap) = VeV5V Vo + V5V ap(Vers)
= VYV Vo + n* Va1 Ven
=17V eVap + K, Keg (B.2.31)
\I%
YV eVae = ¥ Ve(1iVep) — KoKap,

Y (VY ) 1V a9) = gV apVip + g (nanV o) (npnV ap)
+ 9% (nan°Vep) (Vo) + 9% Vap(npnV )
= ¢"VaupVip + K, (B.2.32)
I

VeoVep = 7P (15V ) (Vi Vap) — K2,

TP Ve(ViVep) = 1V (ViVep)

= gV e(ViVep) + 00V (1iVep)

= 7VeVep + g°(Vep) (Verg) + nn?Ve(1§Vep)

= gV Ve +nnV.Vep + 74 Vo) Ve(nnyg)

= gV Ve + 1V (nVep) — n(Ven®) (Vep) + 1V Veng

= g°V.Vep — Lo K, —a ' (D°)(Deyp) + KK,

U

VVep = 197V (ViVe0) + a (D) (Dep) — KKy + Lo K.

(B.2.33)

The term £, K, is highlighted in red to track its appearance. The spatial counterpart
of (B.2.28) gives equation (4.164).

We then check the evolving equation of K. Notice that the £, K, appears on
the right-hand side of relation (B.2.33), whose left-hand side also appears in the
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field equation (4.157). Thus we use the field equation as our starting point:

22(@)V*Vap = —F' ()77 1Y Rygrs — 20P0" DR, — Z'(0)V oV app + 2U' ()
=—F(p)[R+ K* — Ky K™ — Z'(0)V oV o 42U ()

F(P) o b

+2 Flo) nn { —VNaZy — Vi Zo + E1[naZy + pZa — (1 4 K2)gapna Z°)

1 1
+ 871—(Tab - §gabT) + Z((p)vagovbgo + vava(‘P) + igabvavaF(@) + gabU(QD)]

= —F'(9)[R+ K* = Ku,K®) — Z'(9)V V0 + 2U' ()

+ 21;((5)) [QEHG + 29 ZyDyIn o 4 k1 (1 — k2)O + 4m(a + S)
+ Z(ap)KZ —Ulp)+ F"(@)Kﬁ — F'(Q) Lo, — F'(0)y"*VypD, In Oé:|
F/((p) /! a ! a
- F((P) [F (cp)V (pva@—i_F (go)V Vasp]
(B.2.34)
For the first equality we use
DR = Py DR o —20Pn" VR .. (B.2.35)
For the second equality we use
PO Ry = R+ K* — Ky K™, (B.2.36)

and the trace reversed field equation (4.158). For the third equality we use

nn’(VoZy + Vi Zs) = 200V, Z,
= 2[n*V,(n°Zy) — Zyn*V n"] (B.2.37)

= —2(LyO + 7" ZyD,In ),
and

nn’V,VyF (p) = nn’[F"(©)Vo Ve + F'(0)Va Vi)
= F"(0)K2 + F(¢)[n"Va.(n"Vyp) — (n"Ven")Vyp]  (B.2.38)

= FH(SO)KZ - F/(@)Eanp - F’(g@)”y“bvbgoDa In o
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Therefore, we write the field equation (4.157) as

b o o
= —F'(p)[R+ K* — Kup K™ 4 2U" ()
+ 2% [Q,yabeDa Ina+ k(1 = K2)O +4n(p+ S) + Z(@)KZ —U(yp)

+ F'(0) K. — F'(9)y*Vyp Dy In o

F'(o)F"(¢)
F(y)

— [Z’(go) + } VeV 0 + 4F (80)/:1167

F(y)
(B.2.39)

then use relations (B.2.32) and (B.2.33) to get:

}[DCD +(DIna) (D) — KK, + L K]+2M£ K
cp c¥p © nflp nflp

{2Z(¢)+ F(p)

= —F'(Q)[R+ K? — K K™ + 2U'(¢)

()

T2 )

{QZ“DQ Inor + k1 (1 — k2)O +4m(p+ S) + Z(9) K2 — U(p)

+ F"(p)K2 — F'(¢) DD, In a}

F'(p) F" ()

— {Z’(@) +—F ® ](chpcho — K2)+ 4M£n@.

F(y)
(B.2.40)

We have rewritten some quantities using the notation of spatial covariant derivatives

D, and then define Z, = 127y, as the spatial projection of Z, vector. The relation
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above finally gives us:

F'(p)?
F(p)

{2Z(<p) +3 ]Ean

Q)R+ K — KpK™] - [Z’(@ n

F'(p)?
F(y)

SECE

F'(p)
F(y)

] [D*Dug + (D na) (Do) — KK,] +2U"(¢)

+2

[QZ“Da Ina + k(1 — kKe)O +4dm(p+ S) + Z(p) K2 — Ul(yp)

+ F"(p)K2 — F'(¢)D"¢D, In a} + 4];((:5)) L,0

F'(p)F"(¢) | JF'(9)Z(p)]
Flp) Y F) ]K
F'(0)F"(¢) .
F() ]D“SOD(’D
F'(p)?
F(p)

M 7°DyIna + k1 (1 — K ™ (o)
+2F(go) [QZ DyIna+ k(1 — Kk2)O + 4 (p+8)] +4F(<p) L,0.

= PR+ K~ KK+ [2(0)+3

F'(p)? o o

F(w)]DaDso [Z(cp)Jr
F'(p)?
F(p)

- |22+

F'(p)
F(y)

- {22(30) +3 } DyInaD% + {22@) + ] KK, +2U'(p) —2 Ul(yp)

(B.2.41)

It contains the Lie derivative of © which will be given below. Once we put that
back into this equation, it yields the final expression (4.165).

We follow a similar approach as we did in standard gravity for the evolving

equation of ©:

L£,0 =n"V,0
= nVu(—n"Z)
= —nanbvaZb — n“ZbVanb
1
=nn"VyZy + V7, + §F(<p) [R— KupK® + K% — 87p — k1(2 + k2)O — nZ,V,n®
1 a a
= 5Z(P)RES + VapV'e] = n'n' VoV F(p) = V.V F(p) = U(y)
1 . R
= SF(@)R+ K? — K@ K® 4+ D, 2% — OK — Z°Dyln o — k(2 4 £2)© — 87p
1 !/ a a a
— Z(p)K? = U(p) — 52@VapVio = F(@)VapV'e = F/(9)VVap —n n’V, Vo F(p)

1 . .
= PR+ K? — KK + D, 2% — OK — Z°D,Ina — k1 (2 + k)© — 87p

~ SHORE - | 32(0) + F'(0)| D*oDup = FI@)DuDp + FIOIKE, Ul
(B.2.42)
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The 4th equality uses Hamiltonian constraint (4.159). We then find that the part of
the evolution of Z, is nearly the same as one in (B.1.5). So we simply use its result
in 5th equality. In the 6th equality we use relation (B.2.33), (B.2.32) and (B.2.38).
Replacing all spacetime indices with spatial indices, we get equation (4.166).

Similarly, we calculate the evolving equation of Z, as

LoZy =nVo(V Zy) + 1 2,V gn®
= 2NV + 1N 2y + 2,V n?
= nZy3NV AL + ZyVan® + F(@)(DyK? — D, K) — 878, — ki Z, — Yn°V  Zy
— Z(0) Koo Vp + nP YV F ()
= F(@)(DyK? — DoK) — 818, — k1Zy + DO — 2K’ Z, — ©D,Ina
— [Z(p) + F"(0)] Ky Dasp — F'(9) Do K,y + F' () Kg Dyp
(B.2.43)

Again we reuse the relation (B.1.9) in the 4th equality. We also use

015 ViV () = 9 [F" () VipVep + F'(9) VoV i)
= —F"(0) Ky, Doy + F'(9) eV e(n"Vip) — Vip(1,Ven”)]

= —F"(¢)K,Dap — F'(9) Doy — F'(0) Voip(159"Vena) (B.2.44)

= —F"(¢)K,Dop — F'(9) Du Ky — F'(0)Vip (757" V ena)

= ()

)
©)K,Dup — F'(p) Do K, + F'(p) DypK?.

By replacing Z, — Z; we get the expression (4.167).

B.2.2 From Z4 to FOCCZ4

We now apply the conformal decomposition to our new evolving system under scalar
field gravity. For now, The scalar field is assumed not subject to decomposition, but
it may change in future investigations.

Compared to the results we get for the standard gravity, Two evolving equations

remain the same, namely the ones of ¥;; and ¢. The equation of ¢ is still from the
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definition of K:
Ovp = —aK, + BFopp. (B.2.45)

For evolving equations of ©, we again only need to change the expression of

contraction of K;; using relation (B.1.16). This evolving equation now read as

2 .~ ) )
0,0 = %F(gp) [R + §K2 — AUA”} +aD;Z' —a®OK — Z'D;a — aky (2 + Kg)©

1 1 4 )
~Srap - 32(p)ak ~ |32(0) + F'(9) | aDieDig — aF (0)DD'y

+aF' () KK, — aU(p) + 50,0
(B.2.46)

As the K, also remains untouched from the decomposition, we only need to replace

K;; with flij in that content as well. It now gives

K, =B0,K, +a |:2Z(g0) + 3];;((?)2] _

{F’(SD) R+ %KQ — A AT+ [Z’(SD) - 3F/(‘;)(Z;(90)

i 57

[Z’( )+ (]fzz)( #) 5 Fe F)(Z)/( )} DipDiyp — [22(@ + 3?/((?)2] DilnaDigp
[22 F((i)) KK, + [ (S — 3p) — 3k1(1 + K2)O + 2D, 7" — 294
+2U" () — F((;O))U o }

(B.2.47)
For evolving equation of K, we follow the same route we took in section B.1.2:
(0 — L) K = (0, — L) 7" Ky
Kij(0 — L)y + 470 — L) K.

(B.2.48)
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Put equations (4.162) and (4.164) into it to get

‘ 2 . 2 . 3
OK = —-D'Dia+a|R+ ——D'Z; + K* — ——0OK | + B'O,K — ——aki(1 + k2)0

F(y) F(p) F(y)
3 5F"(p) +2Z(p) 5F'(¢) 5F'(¢)
— ——aU(p) — aD'eD;p — aD'D;p + aKK
I R T 2F () 2F(p) e
3F'p) . 3F(e) 3F(p) .
+ oK — D'aD;p — ——al,K,+ ——a(S — 3p),
2F(p) K T 2R () 2 (p) et Bl )
(B.2.49)
where we have used
Kij (0, — L)V = —K" (0, — L3) vij, (B.2.50)
which is because
Kijat’yij = Kmn%m%’naﬂij
= K™ [0, (YimYinY?) = Vin Y0 Yim) — Yimy 0% (Vjn)
2 ( " )= - : ()] (B.2.51)
- Kmnat’)/mn - KlmatrYim - anat’yjn
= — K" 0y,
and
Ki; Loy = Kij [B*0i7" — ™" 0u 7 — 77 0u ']
= —K" 300755 — K™ Vi Vjn V" OuB — K™ YimYjn " O 5"
(B.2.52)

= —K" [*0cvi; + vir0; B* + vj10:8" |
= —K"Lg;.

In the second equality of (B.2.52) we have used K;;3*0xy"7 = — K" 3*9y~;;, which
can be derived in the same way as Eq. (B.2.51), and in the third equality we have

changed indices.
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The evolving equation of flij have a expression of

~ 1
(8, — Lg)Aij = (0, — L3)d* (K5 — gK%j)

= 2¢(K;j — éK%‘j)(at — Ls)p+ ¢* (0 — L) Ky (B.2.53)

1 1
- §¢2%'j(5t — L) K — §¢2K(8t — Ls)Vij,

Now use equations (4.61), (4.164), (B.2.49) and (4.162) and perform some intricate

calculation, we get

TF
~ 2 - ~ o~
8tAZ-j = ¢2 |: — DZ'DjOé + OéRij -+ %(Dlz] + DJZl — SWSZJ>] — gAZ]akﬁk — 20[1411143
o K- 22| 10 0, " + BXOL Ay
Qg Flp) k(1Y) k41
F"(¢) + Z(p)
— ap? {—
F(p)

F'(p) ]TF
DipDjp+ ——=D;Djp| +a
T F(p)

(B.2.54)

where the TF index again means the trace is removed. In the above we have also

use

(B.2.55)
27l 2 2 1 27172
="K Kj — —3¢ KK+ —9¢ K=

1 1 -
= ¢*K!Kj — §¢2KKij + §¢2KAij.

The final equation we need to check is the one for Gaﬁ@maz, which now write as

Ol = 8,(—0;7"7 + 27 Z;)
' R S (B.2.56)
- —(‘9j(‘9ﬁ” —I— 2Zj(9ﬁ” ‘I— 2’7”8th‘

We then put the expression (4.162) and (4.167) into it. Notice the first and second

term of the expression remain unchanged compared to its counterpart in standard
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gravity, and in the standard gravity part of the third term (derivatives of Z;), the
only quantities that are affected by the scalar field are

D,K] — D;K — F(p)(D,;K} — D;K), (B.2.57)
in the derivation, it would become
4 ~ij ~iio Al
—gF(go)cw O; K + 2F (p)ay’V, A;. (B.2.58)

The second term above now replaces the second term in (B.1.19). Thus the first

three terms in evolving equation of I is modified as:

I ~.. 0 2
20 (F;kAJ’“—BA”iT(ﬁ - gwajf() -

2,
57]6]K> .

(B.2.59)

20[F(p) — 1]0;AY 4 2aF (¢p) (f;kfljk - 3[1”8?—;5 -

The extra terms due to ¢ are

27" o [ —[Z(¢) + F"(p)|K,Djp — F'(p) Dj K, + F’(w)Kwa] =
Y ~ 1
277 { —alZ(¢) + F'(@)]K,Djo — aF'(p) DKy, + aF'(9)Aj Dy + 5aF () K Djip
(B.2.60)
We have used the relation

- _ 1 1 1
Al = 972 M [9* (K, — gmlj)] =K} - gK%’? — Kl = Al + gKfs;?. (B.2.61)
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The final equation is given as

. -~ -~ ~ .. O 2
T = 2a[F () — 1)9;AY 4 2aF (y) (r;kAﬂk - 3Awaf - Ba”ajK)
. 2 1, 2.
+ 25K <a8k@ — O — SaKZk> — 24490+ AM0,0, 8" + ga'kakalﬁl + grlakﬁ’f
~ . 2 . . ) ~. . .
—T%0, 8" + 2k <3wzjak5k — &J’“Zjak61> + B — 200177 Z; — 16wy S;

N " ! ! 1 1 1
+2W[—04[Z(<p) + F"(9)|Ky,Djp — aF'(p)D; Ky + aF'(¢) Af Dy + 3 (0K Djp)|.
(B.2.62)

The introduction of auxiliary variables (4.68) and (4.168) in the evolving equa-
tions for the scalar field gravity is completely the same as we did for standard gravity

in section B.1.2, e.g., for the new auxiliary variable II;, we have

Ol = 0,0;p =0;0,p = 8i(_ach + ﬁkaw),
[} (B.2.63)

oll; — B0l +a0; K, = —aA; K, + BTl

We do not cover the rest equations in detail here. Please refer to the (4.174) - (4.184)

for the final evolving system of FOCCZ4 under the scalar field gravity.
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APPENDIX C

Detailed Setup of the simple wave test

In the appendix, we explain how we construct the initial condition of the simple
wave scenarios in our numerical relativity application. For more comprehensive
information on these scenarios and their usage in testing numerical relativity code,
one can refer to the publication (e.g., Alcubierre et al., 2003b).

For clarity, we provide the full list of evolving variables of our FOCCZ4 system

here as a reference:

0%z, [UVzy: 2172, By, [417y, (51722,

(6] A, [7) Asy, [8]Auz, [9]Ayy, [10]A,., [11]A...,

[12]©, [13]T%, [14]TY, [15]T7,

[16]cv, [17)37, [18] 57, [19] 57, [20]6", [21]6%, [22]b7,

23] A, [24] Ay, [25] A,

26] By, [27]BY, [28] B, [29] By, [30] BY, [31] B, [32] BY, [33] BY, [34] B,
[35] Dy, [36] Daeys [37) Dz, [38] Dayys [39] Dy [40] Dy,

[41] Dyar, [42] Dyayy, [43] Dy, [44] Dy, [45] Dy, [46] D,y

[47] Dz, [48] D3y, [49] Dz, [50] Dy, [51] Dy, [52] D,
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53], [54)¢, [55] Py, [56] P, [57) P..

C.1 Linear wave test

This test examined the behaviour of a linear (gravitational) wave propagating through
the domain. The magnitude of the wave needs to be relatively small, which allows
the propagation to remain within the linear regime. The linearly helps to simplify

the system significantly. The spacetime metric of this scenario is given as
ds® = —dt* + da* + (1 + H)dy® + (1 — H)dz*, H(x,t) = esin[kn(z —t)], (C.1.1)

where ¢ — 0 to make sure the wave stay linearized. From this, we get

a=1, '=0,¢6=1. (C.1.2)
O.H 1 oOH 1

Kyy - _2t_a/ = _éatHu Kzz - _21:_0[ = §8tH, Kij,others = 0. (C13)
. 1 1

K ="Ky = —5(1 = H)O.H + (1 + H)O,H = 0. (C.1.4)

We then assign the evolving variables accordingly:

Q0] = Y = 1, (C.1.5)
Q3] = 7,y = 1 + esinfkr(z — t)], (C.1.6)
QPB] = .. = 1 — esin[kn(z —t)], (C.1.7)
QY] = A, = (K,, — %%y}() =K, = %dm cos[km(x — t)), (C.1.8)
Q1] = A.. = (K.. %yyyx) — K. - —%51{:77 coslkm(z — )], (C.19)
Q[16] = o =0, (C.1.10)
Q[38] = Dsyy — %aﬁyy _ %skﬂ cos[kn(z — 1)), (C.111)
Q0] = D,.. = %aﬁm _ —%dm coslkm(z — )], (C.1.12)
Q54 = ¢ = 0. (C.1.13)
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Other quantities that do not mention above are all 0. In code practices, we usually
set the wave magnitude to be under 10~%. Please notice the t variables are kept in
the formulation only for consistency and We set t = 0 when we assign the initial
conditions in the code. Those expressions are not used in the stage of evolution.

The same principle also applies to the gauge wave scenario below.

C.2 Gauge wave test

The gauge wave scenario derives its name as being a time-dependent coordinate
transformation applied to the flat Minkowski spacetime. No physics phenomenon
occurs here, but as we dynamically slice the spacetime, the system becomes time-

dependent which is quite suitable for testing numerical relativity code.

C.2.1 1D Gauge Wave Setup

The spacetime metric of the 1D gauge wave setup is
ds® = —H(z,t)dt*+ H(x, t)dr* +dy*+dz*, H(x,t) =1—Asin[kr(x—1t)]. (C.2.14)
from the metric we get
a=VH, /=0, ¢ =H (C.2.15)

and

oH krA coslkm(z —t)]

Ka::c - - - - . s Ki'o ers — Y, 2.1

2a 2 {1 - Asinlkr(x — t)]}/? Joth 0 (C.2.16)
y K.y kmA cos[km(x — t)]
K=~K;; = =— . C.2.17
TR T Ty 2 {1 — Asinlkr(x — t)]}3/2 ( )
We then give the full list of initial quantities of the system accordingly:

Q[0] = Fue = ¢°H = {1 — Asin[kn(z — )]}*/*, (C.2.18)
QB3] =y = ¢° = {1 — Asinlkn(z — 1)]} /%, (C.2.19)

206



Q5] = 7. = ¢* = {1 — Asin[kr(z — t)]} /3, (C.2.20)
1 krA cos[km(x — )]

Ql6) = Aue = 6" (Koa = 370aK) = =5 T A (C22)
I ST 1 kA coslkm(z — t)]

Q] = Ay = 070 = g7 K) = = T Asinlfn(z — O] (C.2.22)

QU] = A = 6%(0 — 2y k) = i coslbr(w — 1] (C.2.23)

3 6 {1— Asin[kr(x —t)]}11/6’

e Fe e 25 53 _ 2kmA cos|km(z —t)]
QUS| =T =T = =037 = 3H*POH = == {1 - Asinfkr(z — 1))}/’
(C.2.24)
Q[16] = o = VH = \/1 — Asin[kr(z — t)], (C.2.25)
A Do OH _ krA  coslkr(z —t)]
Q23] = A, = 0,0 = 2WH 2 \/1— Asinlkn(z —t)] (C.2:26)
B 1 orm Lo 13 kA cos|km(z — t)]
@UB5] = Draz = §8x(¢ ") = gH P0:H = — 3 {1 — Asinlkr(x —t)]}V/3’
(C.2.27)
B R PNV R _ kmA coslkm(x — t)]
Q[38] = Dyyy = E@xgb = —EH 139, H = 6 (1 Asifin(z O] (C.2.28)
B I PSP RS kA coslkm(z —t)]
Q[40] = D,.. = 500" = —cH PBo,H = 6 1 Asinfin(z — O] 7% (C.2.29)
. krnA coslkm(xz —t)]
QB3 = K = = = Asnlhr e — O (C.2.30)
Q[54] = & = /1= Asmlkn(z — )] ", (C.2.31)
Q[55] = 9,0 = —é H™%9,H = /WéA = Zo;[rllcflr{;x( . _ﬂl)”m. (C.2.32)

Again, other quantities that are not mentioned above are all 0. The common choice

of wave magnitude for the gauge wave is 0.1 in our tests.

C.2.2 2D (diagonal) Gauge Wave Setup

The metric of a (2D) gauge wave can be calculated from a coordinate transformation

of its 1D counterpart:

dt' =dt, do’ = —=(z —vy), dy' = —=(x +y), dz’ =dz. (C.2.33)

Sl
Sl
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Below we will continue to use quantities without prime for convenience. Assume

now our H function takes a form of
H(z,y,t) =14 2Bsin[knr(x —y — t)]. (C.2.34)

Two things get changed here compared to the 1D case: the perturbing term is now
positive, and the wave velocity is reduced (i.e., no v/2 before t) for simplicity. We
then calculate the new line element for the spacetime:

ds* =[1+ Bsinlkn(z —y —t)]] d2® + [1 + Bsin[kr(z —y — t)]] dy?

(C.2.35)
—2Bsinlkn(x —y — t)]|dedy — Hdt? + dz*.

For clarity, we write down its space metric and inverse one:

1+ Bsin? —BsinQ) 0 = (1+ Bsin(Q) +Bsin () 0
%j=| —BsinQ 14+BsinQ 0|,7"=[ Z4BsinQ L (1+BsinQ) 0
0 0 1 0 0 1

(C.2.36)

and the conformal metric and its inverse:

1+ BsinQ2? —BsinQ 0
Yy = H*| _BsinQ 1+ BsinQ 0], (C.2.37)
0 0 1
+ (1+ BsinQ) = Bsin () 0
7 = HY | LIBsnQ  L(1+BsinQ) 0. (C.2.38)
0 0 1

We have defined 2 = km(x — y — t) for simplicity. From the line element, we can
still read
a=VH, /=0, ¢=H (C.2.39)
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and (use 0pyij = —20K;):

;\773 cos 2 —5&% cosf) 0
iy kmB

Ki; = ;\75 cos () %COSQ 0], K=7"K;= WCOSQ. (C.2.40)

0 0 0

The full initial condition is thus given as:

Q[0] = Yow = H™*(1+ Bsin ), (C.2.41)
Q] = uy = —H /’BsinQ, (C.2.42)
Q3] =y = H'*(1+ BsinQ), (C.2.43)
Q[5] = ﬁzz = H—1/3’ (0.2.44)

Q6] = Ay = ¢*(Kpe %%x ) % cos (2 {1 - BiH(l + Bsin Q)} , (C.2.45)
Q7] = A,y = ¢* (K., %%y[() = 2]{;56 cos 2 {3%3 sin 2 — 1} : (C.2.46)
Q] = A, = A, (C.2.47)
Q1] = A, = ¢*(0 — %%Z ) 3’;;?/6 cos (), (C.2.48)
Q3] =T =T° = —9;5/% = —0,7* — 9,7 (C.2.49)
= % (1 —=2BsinQ) + (3 +2Bsin Q)] cos ) = % cos 2, (C.2.50)

Q4] =TY =TY = —90,77Y = —9,7™ — 97" = —% cos Q, (C.2.51)
Q6] = a =VH, (C.2.52)
Q23] = A, = 0, = j\ji ]i;f cos (2, (C.2.53)
Q24 =4, =0,a = 28\/% = —k\;;g cos (2, (C.2.54)
Q[35] = Dyye = %&ﬂm 6]{;;53 cos (1 +4Bsin ), (C.2.55)
Q[36] = Dyyy = %@E%y = 6]1]53 cos (3 +4Bsin ), (C.2.56)
QI38) = Doy = 50y = D (C.2.57)
Q[40] = D,,. = ;&E’yzz = —% cos (2, (C.2.58)
Q[41] = Dyyr = ;Qj%x = —% cos (1 +4Bsin ), (C.2.59)
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1 knB

Q42| = Dyyy = §8y’~yxy = s O Q(3+4Bsin (),
Q44] = Dy, = %ay%y = Dyaz,

Q46| = D, = %aﬂzz = % cos (2,

Q[h3] = K = %COSQ,

Q4] = 6 = H/°,

Q[55] = P, = 0,0 = —éH‘”ﬁaxH = —% cos (),
Q[56) = P, = 0,0 = —éH‘WﬁayH = % cos ().

Again, other quantities that are not mentioned above are all 0.
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(C.2.61)
(C.2.62)
(C.2.63)
(C.2.64)
(C.2.65)

(C.2.66)
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