IMPROVED METHODS FOR GENERAL RELATIVISTIC RADIATION
HYDRODYNAMICS AND THEIR IMPACT ON SIMULATIONS OF NEUTRON STAR
MERGERS AND CORE-COLLAPSE SUPERNOVAE

By

Steven Anthony Fromm

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

Physics — Doctor of Philosophy
Computational Mathematics, Science and Engineering — Dual Major

2024



ABSTRACT
Neutron star mergers and core-collapse supernovae are some of the most energetic events
in the universe, reaching conditions not attainable in terrestrial laboratories. The study of
these high energy-density astrophysical events relies on detailed multi-physics multi-scale
modeling, ranging from nuclear and neutrino interactions to the large-scale dynamics gov-
erned by general relativity. Simulations prove useful in exploring these models, but they
are sensitive to the physical approximations and numerical methods used to build them, re-
quiring a balance to be struck between higher computational cost and increasingly detailed
physical models. Choices made for the treatment of the neutrinos and the inclusion of general
relativistic effects greatly impact the dynamics of how these systems evolve, and impact the
nucleosynthesis that occurs during these events. The Flash-X multi-physics code provides
an ideal framework for creating the large-scale simulations necessary for studying both core-
collapse supernovae and neutron star mergers. This dissertation will detail extending the
capabilities in Flash-X with the addition of fully general relativistic solvers for neutrino radi-
ation transport, hydrodynamics, a dynamic spacetime, the supporting infrastructure neces-
sary for coupling them all together, and utilities to facilitate development of these solvers. A
multi-group two-moment neutrino radiation transport solver makes use of a novel frequency
discretization to improve computational efficiency. A high-order finite-difference scheme is
applied to the hydrodynamics. A custom-built code-generator aids in the development of the
dynamic spacetime solvers. A new method-of-lines time-discretization in Flash-X provides
increased numerical stability and flexibility in choosing time-integration schemes appropriate
for both the new and existing solvers. A full suite of rigorous tests validate these capabil-
ities. Continuing work towards the coupled multi-physics multi-scale simulations necessary

for neutron star mergers and core-collapse supernovae will be presented.



ACKNOWLEDGMENTS
Through this long and winding journey, from my time serving in the United States Army
through a decade of undergraduate and graduate studies at Michigan State University
(MSU), I have been fortunate to have had the unwavering support of my family, friends,
and colleagues. Without being overly verbose, which many of you know I excel at, and dou-
bling the length of this dissertation, it will be impossible to recognize everyone, so I would
like to begin by expressing my deepest gratitude towards everyone I have met along the way.

First and foremost, I would like to thank my family for their support and encouragement
over the past many years. Without all of you, I would never have been able to focus so
intently on my studies and research.

I could never have accomplished this work without my past-and-present research advisors
here at MSU. To Sean Couch, I am deeply grateful for all of your support, encouragement,
and patience over the last few years while seeing me through to the finish line. To Luke
Roberts, thank you for helping me get started on this work and continuing my studies at
MSU. To Jaideep Singh, thank you for giving me the opportunity to start down this path
after I had just started my undergraduate studies at MSU. To my guidance committee
members Brian O’Shea, Heiko Hergert, and Wolfgang Kerzendorf, thank you for all of your
advice you have offered and assistance you have provided during my graduate studies.

To everyone at MSU in the Physics & Astronomy (PA) department and Facility for Rare
Isotope Beams (FRIB), it would have been impossible to complete my work without all of
you. To Mike Pajkos, Brandon Barker, and Zac Johnston, it has been an honor and privilege
to work alongside you the past few years. To Kim Crosslan in the PA office and Elizabeth
Deliyski in the Nuclear Theory group at FRIB, thank you for all of your support and patience

during my time at MSU.

il



I would also like to thank all of the members of the Flash-X team that I have worked
with extensively over the past few years, in particular Klaus Weide, Anshu Dubey, Jared
O’Neal, Austin Harris, Vassili Mewes, Sherwood Richers, and Stephen Fickas, for all of the
guidance and assistance provided while working with Flash-X during my research.

My graduate studies would have not been possible without the generous support I received
from the United States Department of Energy Computational Science Graduate Fellowship
(CSGF). Being awarded the CSGF at the beginning of my graduate studies allowed me to
focus on my research from the start, and provided the opportunity to meet, work with, and
learn from many researchers outside of my work in nuclear astrophysics. To everyone at the
Krell Institute, especially the CSGF program manager Lindsey Eilts, thank you for all of
your support during my time as a CSGF fellow. I am forever grateful for the opportunity to
work on my CSGF practicum at Los Alamos National Laboratory, and I especially want to
thank Oleg Korobkin, my research mentor for the project, for the opportunity to experience
and learn about working in the national laboratories.

Portions of this work were supported by the U.S. Department of Energy, Office of Science,
Office of Advanced Scientific Computing Research, Department of Energy Computational
Science Graduate Fellowship under Award Number DE-SC0019323. I would also like to
acknowledge support from Michigan State University, the Facility for Rare Isotope Beams,
and ExaStar project, part of the Exascale Computing project, throughout my time as a
graduate student at MSU. Parts of this work were further supported by the computational

resources provided by the Institute for Cyber-Enabled Research at Michigan State University.

v



TABLE OF CONTENTS

Chapter 1. Introduction . . . . . . . . . .. ... ... ... ... . ... ... 1
Chapter 2. Sensitivity to Neutrino Treatment . . . . . . . . .. ... ... .. 16
Chapter 3. General Relativistic Radiation Transport . . . . . . . ... .. .. 24
Chapter 4. General Relativistic Hydrodynamics . . . . . . . .. ... ... .. 72
Chapter 5. Dynamic Spacetime Evolution . . . . . . . ... ... ... ... .. 91
Chapter 6. General Relativistic Solvers in Flash-X. . . . . . .. ... ... .. 117
Chapter 7. Summary . . . . . . . . . .. . 176
BIBLIOGRAPHY . . . . . . e 179
APPENDIX A. Conventions . . . . . . . .. .. ... ... .. ... 189
APPENDIX B. Tolman-Oppenheimer-Volkoff Equations . . . . . . . .. . .. 192
APPENDIX C. Eulerian 3+1 Decomposition of the Spacetime . . . . . . . . 195
APPENDIX D. Deriving the Moment Evolution Equations . . . . . . . . .. 198
APPENDIX E. Practical Expressions for the Fluid Frame Projections . . . 207
APPENDIX F. Neutrino-Matter Interation Source Term Jacobian . . . . . 210
APPENDIX G. Time-Integration Tableau . . . . . . . ... ... ... ... .. 213



Chapter 1

Introduction

Neutron star mergers (NSMs) are some of the most cataclysmic and energetic events in
the universe. Neutron stars are highly-compact objects supported by degenerate neutron
pressure, with masses ~Mg (the mass of the sun) and radii ~10% cm (Misner et al., 2017).
Neutron stars are one possible remnant formed by the collapse of massive stars resulting in
supernovae, as first proposed in Baade & Zwicky (1934) and later confirmed in Hewish et al.
(1968) by the discovery of the pulsar, or magnetized rapidly spinning neutron star, at the
center of the Crab Nebula, the remnant of a supernova observed in 1054 A.D. (Duyvendak,
1942; Mayall & Oort, 1942). Binary systems of neutron stars will radiate gravitational energy,
leading to decaying orbits as first observed in Taylor et al. (1979). The inspiral and eventual
merger of a binary neutron star system produces a violent collision that forms a remnant
compact object; these type of mergers were first confirmed by the gravitational wave event
GW170817 observed by the Advanced LIGO and Virgo observatories (Abbott et al., 2017).

Neutron stars, their mergers, and the core-collapse supernovae (CCSNe) that form them
reach conditions not attainable in terrestrial laboratories, capable of reaching densities of
~10M gem™3 and temperatures of ~100 MeV (Perego et al., 2019). These extreme con-
ditions provide ideal sites to study nuclear structure and reactions, such as constraining
nuclear equations of state, and determining how and where heavier elements are formed
through r-process nucleosynthesis. While information can be gleaned from observational
evidence, numerical simulations based on detailed theoretical models are aptly suited for
these studies and interpreting observations. The requisite physical details in these mod-

els span disparate physical processes and time- and length-scales, encompassing everything



from nuclear reactions to the large-scale dynamics governed by Einstein’s theory of general
relativity.

Simulations of astrophysical events involving compact objects become increasingly com-
putationally expensive with an increasing level of physical detail and the use of more sophis-
ticated numerical methods. Limited by available computational resources, approximations
must be made in order to make the necessary calculations in these simulations practical
to perform. Achieving high-fidelity in these simulations requires balancing these concerns,
often requiring the development or application of new methods to more efficiently include
higher levels of detail. This can be incredibly challenging for large multi-physics, multi-scale
simulations of events like neutron star mergers; every effort must be made to apply, improve,

and create the tools necessary to accurately study these events.

1.1 Neutron Stars, Mergers, and Nucleosynthesis

Neutron stars and their mergers serve as astrophysical laboratories for nuclear physics. As
neutron stars have densities similar to those of nuclei, their structures can be used to con-
strain nuclear equations of state for dense matter (Greif et al., 2020). The hot, dense matter
ejected during neutron star mergers has been shown to produce r-process elements (Kasen
et al., 2017; Hotokezaka et al., 2018; Rosswog et al., 2018). It is absolutely crucial to ensure
models of neutron stars and their mergers include sufficient detail to be able to study their
nuclear structure and interactions to relate back to the observational data.

Relativistic stars in static equilibrium can be described by the Tolman-Oppenheimer-
Volkoff (TOV) equations derived from Einstein’s equations of general relativity and the

assumption of a perfect fluid (Misner et al., 2017). These equations describe the structure
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Figure 1.1: Mass-radius relations for non-rotating neutron stars using various nuclear equa-
tions of state. Maximum non-rotating neutron star mass 2.25f8:8§M@ from Fan et al. (2024)
(green dashed line) and the allowed radius of a 1.4M¢ neutron star 10.2 km < R < 13.6 km
from Greif et al. (2020) (blue shaded region) are shown for comparison.

of the star through its enclosed mass, metric potential, and pressure; an equation of state
relates the pressure and the fluid state (see appendix B for more on the TOV equations).
Generating a series of equilibrium TOV solutions using a specific equation of state produces
a range of mass-radius relations for neutron stars. Comparison of these mass-radius relations
to observed and theoretical constraints can provide a measure of whether the chosen equation
of state is capable of reproducing the expected mass and radius values.

An example calculation of the mass-radius curves for different nuclear equations of state

is shown in fig. 1.1. Five tabular nuclear equations of state! are compared: LS220 (Lattimer

L These tables are available for download from stellarcollapse.org and were originally produced for use in
O’Connor & Ott (2010). This collection has been updated and added to since the original publication.


https://stellarcollapse.org/equationofstate.html

& Swesty, 1991), DD2 (Hempel et al., 2012), BHBA¢ (Banik et al., 2014), and SHFo/SFHx
(Steiner et al., 2013a). The most recent constraint on the maximum mass for a non-rotating

neutron star of 2.25+8:8§ Mg found by Fan et al. (2024) is shown for comparison. Only one

equation of state, DD2, reaches the maximum mass constraint, but all equations of state
used in this analysis are capable of producing the typically-assumed neutron star mass of
1.4M¢g (Steiner et al., 2013b; Greif et al., 2020; Sotani et al., 2022).

A further example of the importance of neutron stars in nuclear physics is the r-process
nucleosynthesis that occurs in the material ejected during a neutron star merger. The

neutron-rich outflow provides ideal conditions that allow for rapid neutron-capture rates

that exceed (-decay rates to quickly build up heavy nuclei (Lattimer & Schramm, 1974;
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Figure 1.2: Volume rendering from a simulation of an equal-mass (1.35M) binary neutron
star merger using the SFHo equation of state. Results display the electron fraction from just
before the merger and until 2.5 ms after. Figure from Radice et al. (2018).
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Figure 1.3: Predicted nucleosynthesis equal-mass (1.35M ) binary neutron star merger using
the SFHo equation of state. Solar abundances are included for reference. Based on data
from Radice et al. (2018).

Symbalisty & Schramm, 1982; Eichler et al., 1989; Freiburghaus et al., 1999; Goriely et al.,
2005). These predictions were confirmed in the observed kilonova afterglow of the GW170817
neutron star merger (Kasen et al., 2017; Hotokezaka et al., 2018; Rosswog et al., 2018).
Detailed numerical simulations of neutron star mergers over a range of initial conditions
and input physics are necessary for characterizing the ejected material and predicting the nu-
cleosynthesis yields. Incredibly neutron-rich material is ejected during mergers on dynamical
timescales of a few milliseconds due to tidal effects and shock heating of the collision, and
on longer secular timescales via mechanisms such as neutrino-driven winds (Radice et al.,
2018). Figure 1.2 shows an example of the earlier so-called dynamical ejecta in the first

few milliseconds after the merger of an equal-mass (1.35M ) binary system from one of our



simulations in Radice et al. (2018). Initially, very neutron-rich material, characterized by low
values of the electron fraction Yg, is ejected in the tidal plane, followed by the more isotropic
shock-heated material. For this particular simulation, the ejected material remained fairly
neutron rich with an average value of (Ye) = 0.22. The resulting predictions for the yields of
r-process nucleosynthesis are shown in fig. 1.3; these results show the production of the ex-
pected peaks near A ~ 130 and A ~ 195 when compared to the measured solar abundances

given in Anders & Grevesse (1989); Arlandini et al. (1999).

1.2 Methods for Simulating NSMs and CCSNe

Simulations of neutron star mergers and core-collapse supernovae pose significant computa-
tional challenges. Accurately modeling the radiative transport of neutrinos, the hydrody-
namics of the fluid, and the evolution of a dynamic spacetime rely on detailed numerical
calculations over many degrees of freedom. Sufficient resolution for these degrees of freedom,
such as time, space, and momentum, often requires a large number of computing resources
and lengthy periods of time spent to run these simulations. Large-scale simulations typically
employ a broad array of approximations and numerical methods to reduce the degrees of
freedom and make a more practical use of the available resources and time. This section
will survey some of the commonly used numerical methods for general relativistic radiation

transport, hydrodynamics, and spacetime evolution that are applied in these simulations.

1.2.1 Neutrino Radiation Transport

Neutrinos are effectively massless particles, and typically treated as radiation in a similar

manner as photons. Neutrino radiation interacting with matter significantly impacts energy



transport (Burrows et al., 2006) and the composition of the material (Foucart, 2023) at the
density and temperature scales present in core-collapse supernovae and neutron star mergers.
Each species of neutrino, i.e., ve, Ve, vy, Uy, vr, Uz, can be characterized by a distribution
function f(¢,Z,p) at a time ¢ for a location ¥ with momentum p. These seven degrees of
freedom per neutrino species can be computationally challenging and expensive to resolve,
leading to varying levels of approximation for including neutrinos and their interactions with

matter in numerical simulations.

1.2.1.1 Neutrino Leakage

One of the simplest approaches to including neutrinos in these simulations is by a method
referred to as neutrino leakage. In this method, neutrinos are not directly evolved, but
rather their interactions with the fluid are treated parametrically and used to directly alter
the energy and composition of the fluid. These type of methods were originally applied to
simulations of CCSNe in van Riper & Lattimer (1981) and have seen widespread use over
the years, such as the simulations performed in O’Connor & Ott (2010); Perego et al. (2016).
Ruffert et al. (1996) presented one of the first applications of a neutrino leakage scheme to
neutron star merger simulations, and this method has seen continued use in works such as
Rosswog & Liebendorfer (2003); Galeazzi et al. (2013); Radice et al. (2016, 2018).

In a neutrino leakage scheme, the mean free paths for neutrinos are calculated based on
the thermodynamic state of the fluid, and are used to determine the emission rates from
regions of dense matter. Typical interactions for these calculations include charged-current
B-processes, e.g., electron (e~) and positron (e™) capture on neutrons (n) and protons
(p), scattering processes, e.g., an arbitrary neutrino species v; scattering off of nucleons,

and pair production of neutrinos, e.g., by electron-positron annihilation and plasmon ()



decay (Ruffert et al., 1996); see table 1.1 for examples. The emission rates are then used
to determine the lepton number and energy losses, and directly update the energy and
composition of the fluid. As the name implies, a leakage scheme only considers the loss of
neutrinos from the system, and there is no mechanism for re-absorbing the emitted neutrinos.
Generally, these methods work in terms of the energy- or number-averaged rates, but energy-
dependent (monochromatic) schemes are also possible, such as the one presented in Perego

et al. (2016).

Charged-Current Scattering Pair Production
e +p=ve+n vVitn=v;+n e_+e+’:,ue+ﬂe
e++n’:,176+p Vi+p=v;+p V= Ve + Ve

Table 1.1: Example neutrino-matter interactions

1.2.1.2 Moment Expansions

Another approximate method for including and evolving neutrinos in neutron star merger and
core-collapse supernovae simulations is performing a moment expansion over the momentum
degrees of freedom in the neutrino distribution function, effectively reducing the momentum
degrees of freedom down to a single energy (or equivalently frequency in natural units). A
procedure for generating a general relativistic moment expansion for photonic radiation was
proposed in Thorne (1981), and has been adapted for use in neutrino radiation transport
in many different works, e.g., Shibata et al. (2011); Cardall et al. (2013); O’Connor (2015);
Foucart et al. (2015); Roberts et al. (2016); Radice et al. (2022).

Formally, the moment expansion is infinite, so the series is typically truncated for a small
number of moments. However, the hierarchy of the expansion results in a dependence on

moments of higher-rank than the truncation is limited to, requiring a closure relating the



higher- to lower-rank moments. Different truncations result in schemes suitable to different
types of conditions and problems. The first few moments in the frame of the fluid correspond
to physically-meaningful quantities, such as the energy, momentum, and pressure for the
zeroth-, first-, and second-rank moments, respectively. Neutrino-matter interactions, such as
those in table 1.1, are typically characterized by emissivities and opacities for absorption and
scattering processes. Similarly to leakage schemes, moment schemes can also be frequency-
averaged or monochromatic.

Retaining the zeroth-rank moment for the radiation energy leads to evolution schemes
that are closed by relating the radiation momentum (or flux) to the energy. In a flux-limited
diffusion scheme as described in Pons et al. (2000), the radiation is assumed to be nearly
isotropic in the fluid frame, and behaves diffusively, i.e., its flux is proportional to the gradient
of the energy over some diffusive timescale related to the opacity of the material trapping
the radiation. Corrections for deviations away from the completely diffusive limit are then
made by the addition of an artificial opacity, while a flux-limiter prevents diffusive behavior
when the radiation approaches the free-streaming limit. In the MO scheme, as described in
Radice et al. (2016, 2018), free-streaming radiation is assumed to travel along null radial
trajectories, such that the flux scales directly with the energy. This type of scheme will
typically be matched with a separate treatment for the diffusive limit.

Retaining the the zeroth- and first-rank moments for the radiation energy and momentum
lead to the widely used M1 scheme. In the M1 scheme, the radiation pressure is specified
by interpolation between its diffusive and free-streaming limiting forms. Sharing a similar
structure with common hydrodynamics formulations, many of the same numerical methods
can be applied to the M1 scheme. The M1 scheme has been used extensively in simulations

of core-collapse supernovae, e.g., in O’Connor (2015); Roberts et al. (2016); O’Connor &



Couch (2018a,b), and mergers involving neutron stars, e.g., Foucart et al. (2015); Radice

et al. (2022). The M1 scheme will be described further in chapter 3.

1.2.1.3 Boltzmann Equation Methods

The full evolution of the neutrino distribution function is described by the Boltzmann equa-
tion, which relates its temporal, spatial, and momentum changes to the interaction rates of
the neutrinos with the fluid. Discretization of the momentum-dependence of the distribution
function into discrete angles or rays form the basis of the discrete ordinates, or Sp;, method.
This method can be applied to directly solving the Boltzmann equation for the distribution
function, as in Mezzacappa & Bruenn (1993); Mezzacappa & Messer (1999); Liebendorfer
et al. (2005), or as a means of closing a moment scheme, e.g., by determining the radiation
pressure as is done in Asahina et al. (2020). Instead of the typical finite-difference approaches
to solving the Boltzmann equation in the preceding examples, particle-based Monte Carlo
methods provide an alternative route to evolving the distribution function (see for exam-
ple Abdikamalov et al. (2012)). The increased physical detail and accuracy of solving the
Boltzmann equation directly incur a higher computational cost than the more-approximate
leakage and moment schemes, particularly when additional discretizations of the distribution
momentum space by angular grids or representations of the distribution function by parti-
cles are coupled to the more-common spatial grid discretizations used in hydrodynamics and

spacetime solvers.

1.2.2 Hydrodynamics

The fluids in simulations of neutron star mergers and core-collapse supernovae are most eas-

ily described by their rest-mass density and a stress-energy tensor describing their energy,

10



momentum, and pressure. The standard approach to evolving these fluids takes the form
of a system of conservation and balance laws for the time rate-of-change in the rest-mass,
energy, and momentum densities. One of the earliest examples of numerical relativistic hy-
drodynamics was applied to gravitational collapse problems in May & White (1966); they
derived a system for the fluid equations of motions alongside mass and energy conservation
of a similar form presented earlier in Misner & Sharp (1964). Wilson (1972) introduced
an Eulerian form of the relativistic hydrodynamics equations that bore a resemblance to
common Newtonian formulations. The most common form of the general relativistic hydro-
dynamics equations used today was presented in (Banyuls et al., 1997) and is referred to as
the Valencia formulation; this formalism will be covered in greater detail in chapter 4. This

section will survey three commonly used numerical methods applied to this formalism.

1.2.2.1 Finite-Difference

Finite-difference methods have long been used in hydrodynamics simulations. These meth-
ods treat the fluid quantities as point-like values on a discrete fixed (Eulerian) or moving
(Lagrangian) computational mesh, and use stencil-based approximations of the spatial and
temporal derivatives. While generally robust and straightforward to implement, some fea-
tures, such as shocks and other discontinuities in the fluid, can prove tricky to resolve without
additional numerically- or physically-motivated corrections, or the use of higher-order meth-
ods. A high-order finite-difference scheme will be described in chapter 4.

While finite-difference methods for relativistic hydrodynamics may not be as widely used
as other methods, they have the advantage of being straightforward to implement with
high-order schemes. In Zhang & MacFadyen (2006), high-order flux reconstruction coupled

with adaptive mesh refinement demonstrates the accuracy and scalability of these methods.

11



Finite-difference methods can also provide a robust and accurate treatment of relativistic
magnetohydrodynamics, as shown in Del Zanna et al. (2007). Radice et al. (2014) demon-

strate the accuracy of high-order finite-difference methods applied to neutron star mergers.

1.2.2.2 Finite-Volume

In contrast to finite-difference methods, finite-volume methods treat the fluid quantities as
their averages over discrete cells in a computational mesh. This allows the use of flux-
conservative methods to ensure that the flux between cells is exactly conserved, i.e., the
flux of density, energy, or momentum leaving one cell is the same as the corresponding flux
entering an adjacent cell. The methods used to guarantee flux conservation between cells,
which may have a discontinuity at their interface between the adjacent cell-averages, are
capable of capturing shocks and similar features in the fluid.

Finite-volume methods are commonly used in general relativistic hydrodynamics. Ex-
amples of finite-volume methods used in core-collapse simulations include O’Connor & Ott
(2010); Mosta et al. (2014); O’Connor (2015); Roberts et al. (2016); Pajkos (2022). Rezzolla
et al. (2010); Radice et al. (2016, 2018) provide examples of finite-volume methods applied

to neutron star mergers.

1.2.2.3 Smoothed Particle Hydrodynamics

The previous finite-difference and finite-volume methods can present challenges when trying
to achieve sufficient resolution of their Kulerian or Lagrangian meshes. Smoothed particle
hydrodynamics (SPH) provides an alternative mesh-free Lagrangian discretization that can
automatically adapt the resolution to where it is required. The fluid is discretized into

(typically) equal-mass particles, from which fluid properties and derivatives are calculated

12



over a local neighborhood of particles. By adapting the size and weights of these calculations,
referred to as smoothing kernels, proportionally to the density, each calculation can be made
over an equal number of particles. Coupled with a tree-based representation of the particles,
this allows for consistent computational costs throughout the domain. Additionally, SPH
methods can directly handle regions in vacuum (by not performing calculations there), in
contrast to mesh-based methods that typically must impose an artificial marginal-density
atmosphere to avoid numerical issues. Examples of SPH methods used in general relativistic

hydrodynamics include Rosswog & Davies (2002); Rosswog (2015); Liptai & Price (2019).

1.2.3 General Relativity

The evolution of dynamic spacetimes are governed by Einstein’s equations of general relativ-
ity relating the curvature of spacetime to its distribution of matter. Accurately describing
a dynamic spacetime is essential when dealing with compact objects such as neutron stars
and black holes. Numerically, these equations prove challenging to solve, with the whole
field of numerical relativity dedicated to tackling these challenges (Baumgarte & Shapiro,
2010). Representing the spacetime in terms of the time and spatial discretizations suitable
for numerical simulations can lead to violations of Einstein’s equations due to simplifying
assumptions and numerical errors. This section will survey some of the more common ap-

proaches used to solve Einstein’s equations.

1.2.3.1 Early Formulations

One of the earliest formulations of Einstein’s equations suitable for numerical simulations is
referred to as the Arnowitt, Deser, and Misner (ADM) formalism proposed in Arnowitt et al.

(1962). This formulation utilizes a 3+1 decomposition of the spacetime (see appendix C for

13



more on this decomposition), and evolves the spatial metric and extrinsic curvature of the
spacelike hypersurfaces of the decomposition. This formalism assumes that the Hamiltonian
and momentum constraints of Einstein’s equations hold exactly. Unfortunately, outside
of some spherically symmetric and axisymmetric spacetimes, this can lead to instabilities
due to numerical errors building up constraint violations (Baumgarte & Shapiro, 2010).
Other spherically symmetric evolution schemes were introduced in Misner & Sharp (1964);

Hernandez & Misner (1966).

1.2.3.2 Constraint solvers

Alternatively, the constraint equations can be solved to determine the metric and curvature
quantities. A popular method in early simulations of neutron star mergers is the confor-
mally flat condition (CFC) used in Wilson & Mathews (1995). Other examples include the
waveless approximations in Isenberg (2008), an extended CFC method in Cordero-Carrién
et al. (2009), and a fully-constrained formulation in Bonazzola et al. (2004). All of these
methods rely on solving elliptic equations, including vector Laplacian equations. For three-
dimensional simulations, these type of elliptic equations can be computationally expensive
to solve, and can present challenges in ordering sets of calculations for the spacetime, matter,

and radiation.

1.2.3.3 Constraint Damping

One of the more common approaches seeks to use the hyperbolic form of the ADM equations
while minimizing constraint violation errors via damping or by propagating them out of the
computational domain. One of the first methods was proposed by Baumgarte & Shapiro

(1998) and Shibata & Nakamura (1995), referred to as BSSN after the authors, and makes a

14



conformal decomposition of the ADM equations. The family of Z4 methods makes use of a
modification of Einstein’s equations that includes terms for advecting and damping constraint
violations (Gundlach et al., 2005), such that the system of equations reduces to Einstein’s
equations when the constraints hold exactly. Two commonly used Z4 formulations include
Z4c, a conformal formulation used in Bernuzzi & Hilditch (2010); Ruiz et al. (2011); Cao &
Hilditch (2012); Hilditch et al. (2013); Daszuta et al. (2021), and CCZ4, a conformal and
covariant formulation used in Alic et al. (2012); Dumbser et al. (2018); Clough et al. (2015);
Radia et al. (2022). The Z4 formulation shares a similar structure with the generalized
harmonics formulation, an alternative to standard 341 formalisms, that has been used in

the simulation of binary black hole mergers performed in Pretorius (2005).

1.3 Conventions

This work will make use of the common notations used in numerical relativity. Additionally,
a system of geometrized units will simplify the presentation of the mathematical formalisms
presented in the following chapters. Please refer to appendix A for a full description of these

conventions.
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Chapter 2

Sensitivity to Neutrino Treatment

Simulations of neutron star mergers (NSMs) and core-collapse supernovae (CCSNe) are
sensitive to the physical approximations made and numerical methods used to model these
events. In particular, the treatment of neutrinos can influence the evolution and outcomes
of these types of simulations. In the extreme conditions present in NSMs and CCSNe,
neutrinos readily interact with matter, and can play a significant role in transporting energy.
In the presence of the compact objects and relativistic velocities, neglecting relativistic effects
can vastly impact the dynamics of these systems. As such, it is a worthwhile endeavor to
determine how and to what extent these approximations and methods can influence the
evolution of these systems.

Increased detail in the physical models and less-approximate numerical methods can more
accurately account for the effects of neutrinos and general relativity, but typically incur
significantly larger computational costs. In order to balance these concerns, it is absolutely
critical to assess how results change, or stay the same, when using different treatments for
neutrinos and their interactions. This chapter will examine the sensitivities of NSM and

CCSN simulations to these effects.

2.1 Neutron Star Mergers

The material ejected during NSMs can be strongly influenced by the presence of neutrinos.
Neutrino winds from a remnant’s accretion disk can drive material out of the system, while

the interactions of neutrinos with the ejected material, referred to as ejecta, can alter the
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material’s composition and impact the nucleosynthesis that occurs there (Radice et al., 2018).
However, fully accounting for these neutrino effects in numerical simulations of NSMs proves
to be difficult. Neutrinos can be both fully trapped by the high-density material in the
remnant objects and free-streaming through less-dense material in the ejecta, requiring the
neutrino treatment to handle both of these regimes as well as the transition between them
(Foucart, 2023).

This section will explore the impact that different neutrino approximation methods make
on the properties of and the nucleosynthesis that occurs in the ejecta. The data used for
analysis in this section comes from a set of NSM simulations performed in Radice et al. (2018).
The simulations use an unequal mass binary with initial neutron star masses M, = 1.4M¢
and M = 1.2Mq. Two simulations of this binary separately use a leakage scheme and the MO
moment scheme for the neutrinos. Both simulations make use of the SFHo nuclear equation
of state (Steiner et al., 2013a). These simulations are referred to as SFHo_M140120_LK and
SFHo_M140120_MO for the leakage and MO schemes, respectively, in table 2 of Radice et al.
(2018). The properties of the ejecta are measured at an extraction radius of 300M.

As a first comparison, fig. 2.1 shows the distribution of velocities within the ejecta.
Overall, the MO scheme produces higher maximum velocities (vmax = 0.91 for M0, vpax =
0.79 for leakage); however, only ~0.025% of the ejecta in the MO simulation exceed the
maximum velocity in the leakage simulation. The leakage scheme has an overall higher
average velocity throughout the ejecta ({(v) = 0.16 for MO, (v) = 0.20 for leakage). While
both simulations have similar overall velocity distributions throughout the ejecta, changing
only the neutrino treatment does have a small but noticeable impact.

The next comparison examines the impact of the neutrino treatment on the composition

of the ejecta, in particular the neutron-richness of the material. This is most easily charac-
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Figure 2.1: Impact of neutrino treatment on ejecta velocities. The fractions of the total
ejected mass M;. at different velocities are compared for the leakage (purple) and MO (blue)
schemes.

terized by the electron fraction Yg; the material is more neutron-rich for decreasing values
of Yo < 0.5 (Ye = 0.5 indicates an equal number of neutrons and protons). Figure 2.2 shows
a comparison of the distribution of mass across a range of Y, from the separate simulations
using the leakage and MO schemes. In contrast with the previous comparison of the ejecta
velocities, the difference in the composition between the two schemes is more severe. The
leakage scheme leaves a larger fraction of the ejected mass in a more neutron-rich state:
~84% of the ejected mass has Y, < 0.2, compared to ~42% for the MO scheme. The MO
scheme also produces higher Y, > 0.5 values in a small fraction of the ejected mass. These
results follow from one of the primary differences between the two neutrino schemes, the in-

clusion or omission of the re-absorption of emitted neutrinos, for the M0 and leakage schemes,
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Figure 2.2: Impact of neutrino treatment on ejecta composition. The the fractions of the
total ejected mass Me; at different values of the electron fraction Y, are compared for the
leakage (purple) and MO (blue) schemes.

respectively. Since there is no mechanism for the ejecta to interact with emitted neutrinos
in the leakage scheme, a larger fraction of the ejected material is left in a neutron-rich state.

These scheme-dependent compositional differences in the ejecta can further be seen in
the predicted r-process nucleosynthesis yields. Figure 2.3 compares the relative abundances
of heavier nuclei produced in the ejecta in reference to the measured solar abundances in
Anders & Grevesse (1989); Arlandini et al. (1999). These results are calculated during
post-processing of the simulation data with the nuclear reaction network SkyNet (Lippuner
& Roberts, 2017). The thermodynamic trajectories necessary for integrating the network
assume homologous expansion of the ejecta based on the thermodynamic state at the extrac-
tion radius. In Radice et al. (2018), we found this approximation works well and produces

similar results when compared to nucleosynthesis calculations performed on the trajectories
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Figure 2.3: Impact of neutrino treatment on nucleosynthesis in the ejecta. Predicted abun-
dances of r-process nuclei produced in the ejecta are compared for the leakage (purple) and
MO (blue) schemes. Observed solar abundances are included for reference.

of a large number of Lagrangian tracer particles in the ejecta. The results for mass numbers
A > 130 show similar predictions for both neutrino schemes, but for lower mass numbers
the results become more disparate.

Figure 2.4 breaks down the contribution of different ranges of Y, values to the predicted
yields. These results make use of the actual thermodynamic trajectories as measured by
Lagrangian tracer particles in the M0 simulation; tracer particle data is not available for the
leakage simulation. Material with higher values of Yg, i.e., the less neutron-rich material,
contributes almost exclusively to the lighter r-process nuclei. When viewed in comparison
with the Y, distributions in fig. 2.2 and the yields in fig. 2.3, it follows that the overall

less neutron-rich ejecta in the MO simulation produces a larger abundance of these lighter
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the ejecta. Predicted yields utilize the actual thermodynamic trajectories measured by La-
grangian tracer particles in the M0 simulation. Solar abundances are added for reference.

r-process nuclei than the more neutron-rich material in ejecta of the leakage simulation.

2.2 Core-Collapse Supernovae

Core-collapse supernovae simulations also provide examples of sensitivities to neutrino treat-
ment. While simulations of NSMs require a fully general relativistic treatment of the neutri-
nos and hydrodynamics due to highly dynamic spacetimes, CCSNe simulations can typically
approximate these as gravitational effects through either Newtonian or general relativistic
effective potentials (Rampp & Janka, 2002; O’Connor & Couch, 2018a). However, the pres-
ence of relativistic velocities, i.e, velocities that are significant fractions of the speed of light,

can still impact how neutrinos evolve and interact with matter.

21



Neutrinos and their interactions with matter are most easily described in the co-moving
frame of the fluid. Large-scale three-dimensional simulations typically operate with a fixed
Eulerian computational frame for evolving neutrinos and the fluid. At relativistic velocities,
the differences in how neutrino properties, such as their energy and momentum, are measured
in each frame cannot be ignored, and the transformation of these quantities to and from
each frame become velocity-dependent. Additionally, when resolving a spectrum of neutrino
frequencies, acceleration of the fluid and gravitational effects can cause redshifting effects
that impact the number and energy densities of neutrinos of different frequencies.

The inclusion or omission of a velocity-dependent neutrino treatment can produce dif-
ferent results for the evolution of CCSNe. Figure 2.5 shows a comparison of two-moment
neutrino radiation transport methods with and without velocity-dependence in CCSNe sim-
ulations performed in O’Connor & Couch (2018b). Their simulations all start from the
same progenitor model: the 20M model produced by the Modules for Experiments in Stel-
lar Astrophysics (MESA) code and presented in Farmer et al. (2016). These simulations
were then evolved through collapse and up until 15 ms post-bounce with the GR1D one-
dimensional general relativistic hydrodynamics code (O’Connor, 2015), and subsequently
evolved in fully three-dimensional simulations performed with FLASH (Fryxell et al., 2000;
Dubey et al., 2009). The simulation with a fully velocity-dependent neutrino treatment and
one with a neutrino treatment where all velocity-dependent terms were set to zero and the
effects of velocity-dependent redshifting were neglected correspond to the mesa20_v_LR and
mesa20_LR simulations in O’Connor & Couch (2018b), respectively. Figure 2.5 shows the
results for the mean radius of the shock at times after bounce, and highlights the effects of
the velocity-dependence in the neutrino treatment on the dynamics of the evolving CCSN.

The velocity-dependent neutrino treatment produces a faster- and farther-moving shock that
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subsequently recedes more slowly.
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Figure 2.5: Comparison of velocity dependence in neutrino treatment for CCSNe simulations.
The mean shock radii (R)g at times ¢ after bounce at a time t; are compared for the case
that includes velocity-dependence in the neutrino treatment (purple line) and the case that

neglects all velocity terms in the neutrino treatment (blue line). Based on data in O’Connor
& Couch (2018b).
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Chapter 3

General Relativistic Radiation Transport

Neutrinos play a crucial role in NSMs and CCNSe, influencing the evolution of the com-
position of the matter and providing a mechanism for energy transport. In these highly
dynamic systems, neutrinos cannot be assumed to be in equilibrium with the surrounding
matter, which necessitates describing the full evolution of each neutrino species distribution
and their interactions. Along a trajectory through spacetime characterized by an affine pa-
rameter A, the evolution of the neutrino distribution f = f(z%,p®) can be described by the

general relativistic Boltzmann equation (Thorne, 1981)

df _da® 0f  dp' Of _ {g} (3.1)
coll.

dx — d) 9z¢ " dhopt | dt
with spacetime coordinates z% and momentum coordinates p' (where only the spatial com-
ponents are necessary since p,p® =0 = popo = —pipi). The right-hand side of Eq. (3.1)
is referred to as the collision integral, and represents the temporal rate-of-change in the
neutrino distribution function due to collisions, i.e., interactions between the neutrinos and
matter.

To better highlight the momentum-dependence in Eq. (3.1), the affine parameter can be
defined as
d PP 19)

R~ Cuar) 027 >

where —u,.p® = v are specific values of the neutrino frequencies v (or equivalently energies
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in natural units) as measured by a co-moving observer in the frame of the fluid with a
four-velocity u®. The change in the spacetime coordinates z® along this affine trajectory
immediately follows from Eq. (3.2) as

dz? p®

>~ o) (3

A similar change in the momentum coordinates p® can be found by comparison to the
geodesic described by

d2ze o daPdac

re, = 27— 3.4
D2 T : (3-4)

where 'Y are the connection coefficients of the covariant derivative operator (more com-
monly referred to as the Christoffel symbols when working with a coordinate basis). Applying
Eq. (3.2) to the momentum coordinates p® as defined in Eq. (3.3) then shows that

dp® d2z® 1 b e

AR _(—ucpc)rabcp P (3.5)

Making use of Eq. (3.3) and Eq. (3.5) in Eq. (3.1), the evolution of the distribution function

becomes

of i ap0f {df]
LI St ] = I 3.6
Paga Dl P (—uep®) | o . (3.6)

With seven degrees of freedom (1 time + 3 space + 3 momentum) for each neutrino
species, tackling Eq. (3.6) directly presents a significant computational challenge. As dis-

cussed earlier in chapter 1, methods capable of directly solving Eq. (3.6), e.g., Monte-Carlo
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particle methods, are computationally intensive and can be difficult to evolve consistently
alongside the fluid and the spacetime. One effective way of reducing these degrees of freedom
to something more practical is performing a moment expansion of the neutrino distribution
function (Thorne, 1981; Shibata et al., 2011). The remainder of this chapter will describe
the formulation of and the numerical methods used for a two-moment evolution scheme. The
fully general relativistic implementation of this scheme in Flash-X will be presented later in

chapter 6.

3.1 Mathematical Formalism

3.1.1 Unprojected Moment Expansion

For specific values of neutrino frequencies v, the neutrino distribution function can be ap-
proximated by a monochromatic moment expansion by integrating over the four-momentum
degrees of freedom. As applied to photons in Thorne (1981) and later to neutrinos in Shibata
et al. (2011), this monochromatic expansion for any arbitrary-rank unprojected moment of

the distribution function takes the form

Ic
A _ Ak;(b> ) 0(v + up’) 1a (b la)
= = k
My =M N dvj e IT » | f(=".9"). (3.7)
cP akEAk:

where dVé is the invariant volume element of the momentum coordinates p'®, and Aj =
{a1,...,a;} is the set of indices for the k-th rank moment. This expansion holds only
for the monochromatic case, i.e., only for the specific values of the frequency v chosen for
each moment. For this particular formalism, v will always be the frequency measured by

co-moving observer in the fluid frame, as this is the most practical frame to describe the
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interaction of neutrinos with the fluid. It is important to note that Eq. (3.7) forms a fully-
symmetric tensor for any arbitrary rank that the expansion is specialized to. At times, it will
be necessary to measure the total contribution from all neutrino frequencies, and Eq. (3.7)

can be integrated over v (separately for each species)

MAE = / " Mé’)“. (3.8)
0

The evolution of the neutrino distribution function can now be described in terms of
this moment expansion. One approach involves applying the moment expansion directly
to the Boltzmann equation (Cardall et al., 2013). A second approach proposed in Shibata
et al. (2011) relates the covariant divergence of the moment expansion to the Boltzmann
equation; this is the approach adopted for this work. By taking the covariant divergence
of the moment expansion, the evolution of any arbitrary (k 4+ 1)-th rank moment takes the

form (see appendix D for the derivation)

be A
Vbuc = S(V])f,

Ap

o) (3.9)

Ab 0 Apbe o
VM) au< M) Vbuc> (k — M

where V), is the covariant derivative operator compatible with the spacetime metric g, .
The right-hand side of Eq. (3.9) represents the moment expansion of the collision integral

from the Boltzmann equation

(v) k—2 dt

) /c
SAkZ/dVZ; (1/+/Ucp ) H P {ﬂ} ‘ (3.10)
(—uep’) ap€AL coll.

By integrating Eq. (3.9) over all frequencies, the evolution of the frequency-integrated mo-
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ments in Eq. (3.8) follows directly as

VvV, MAKY — (k — 1) MARYw 0y = 54k, (3.11)

where the frequency-derivative term vanishes under integration since its argument goes to
zero at the endpoints v = 0, cc.

While Eq. (3.9) and Eq. (3.11) permit evolving any arbitrary-rank moment of the dis-
tribution function, a choice of £ must be made to further develop a moment evolution
formulation. A practical choice is £ = 1, leading to a set of evolution equations in terms
of the second-rank moment expansion; this moment represents the neutrino stress-energy

tensor. In this case, the monochromatic evolution equation takes the form

0
ab Y abc _ ca
VbM(U) 8y <VM(I/) Vbuc> S(V)’ <312)
and its frequency-integrated counterpart takes the even simpler form
V,M® = 5%, (3.13)

3.1.2 Fluid Frame Projections of the Moment Expansion

The next step in developing a moment formalism practical for numerical implementation
involves decomposing the moment expansion into its irreducible parts. The projections of
the moment expansion required for this decomposition will correspond to physically-relatable
quantities measured by a co-moving observer in the frame the expansion is defined in. In this

case, these projections will most easily be made for the fluid frame, but since the moment

28



expansion and its evolution equation are covariant expressions, these projections can be
directly related to the projections in any other frame of reference.

To project the moment expansion into the fluid frame, the neutrino four-momentum
is decomposed into components parallel and orthogonal to the co-moving observer’s four-

velocity, taking the form
p% = (—uep®) (u® + %), (3.14)

where (% is a unit normal vector orthogonal to the four-velocity u?, i.e., {*¢, = 1 and
ugl® = 0. With this choice of four-momentum, the invariant volume element in Eq. (3.7)

takes the form (Thorne, 1981)
dVp = (—uep®) d(—ucp®) dQ, (3.15)

where dS2 is the differential solid-angle of the momentum coordinates. With these, Eq. (3.7)

reduces to

Mé’;?(a:b>:y3 a | T @ + )| s, (3.16)

akEAk

where f(,y = f (z,v,Q). The d-function in the moment expansion in Eq. (3.7) was eliminated
by integrating over d(—u.p®) to arrive at the factors of v in Eq. (3.16).

For this form of the moment expansion, the first few projected moments are defined as

J(Z,> = 1/3/dQ f(y), (3.17)
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H{, = V3 / AL £, (3.18)

L?S) =3 / A f ), (3.19)
NEx = v? / dQereeef ). (3.20)

The first three projected moments correspond to the radiation energy density, momentum
density, and pressure tensor associated with neutrinos of a monochromatic frequency v.
Specializing Eq. (3.16) to the k = 2 case, the second-rank moment can be written in terms

of the projections in Eqns. (3.17)—-(3.20) as

M =P / aQ [uul +ut® + bt + 0 )

By a similar process, the third-rank moment expansion can be expressed as

M(ayb)c = J(V)uaubuc + HELU)ubuC - H?y)uauc + ny)uaub

b b b b

Examining the structures of Eq. (3.16) and Eqns. (3.21)—(3.22) shows that each higher-
rank moment fully contains each lower-rank moment in the hierarchy. This fact can be
exploited to obtain the projected moment of any rank from the unprojected moment of
equal or higher rank. To demonstrate this, first note that the projected moments of rank
greater than zero are orthogonal to the co-moving observer’s four-velocity u® since uqf* = 0,

e.g., ug LW = 0, and thus are spacelike in this local frame. Using this in Eq. (3.16) then

30



shows that

Agb A

UbM(V) —M(V) . (3.23)
Next, define the projection operator orthogonal to u® as
hab = Yab + talp, (3.24)

where g, is the spacetime metric; this operator can also be viewed as the local spatial metric
in the observer’s restframe. With Eq. (3.24), the projected components of Eq. (3.16) relate

to lower-rank moments in the expansion as

Arb A
k _uka:

() (v)’

Ape

thM(V) =M (3.25)

and its trace as

Ak

Akbc
hoeMy = MY

= (3.26)

The projected moments can now be obtained directly from the unprojected moments by
making use of the identities in Eq. (3.23) and Eq. (3.25) in comparison to the expansion
in Eq. (3.16) and the projected moments in Eqns. (3.17)—(3.20). For the zeroth- through
third-rank projected moments that are seen in Eqns. (3.21)—(3.22), their relations to the

moment expansions of equal or higher rank are

a ab

)= —uaM(y) = uquyM{)) = —uaubucM(aVb)c (3.27)
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Hg ) - habM(bl/) - _habucMg)yC) = habucUdMéjycﬁl (3.28)

v

i, = WO ME = =R que MEY (3.29)
abe _pa pb pc prdef

NG = WO hC M (3.30)

Making similar projections of the moment evolution equation into components parallel
and orthogonal to the co-moving observer’s four-velocity will lead to a system of evolution
equations for the projected moments. Unfortunately, using the decomposition of the moment
expansion in terms of the co-moving frame projected moments from Eq. (3.21) directly in
Eq. (3.12) does not produce flux-conservative evolution equations, even in the absence of
neutrino-matter interactions. A flux-conservative formulation is a desirable property for
maintaining energy and momentum conservation, facilitating consistent and stable numerical
implementations. As such, the co-moving frame projections of the evolution equations will
not be considered any further in this chapter; please refer to Shibata et al. (2011) for a more

detailed examination of these equations.

3.1.3 Eulerian Frame Projections of the Moment Expansion

The decomposition of the moment expansion and the moment evolution equations are co-
variant tensor expressions and are valid in any frame of reference for any choice of coordinate
system (although the frequency is specific to the frame that the expansion is defined in).
This allows freedom in choosing a frame of reference that is suitable for numerical compu-
tations. A choice widely used for dynamic spacetime and fluid evolution is a fixed Eulerian
frame as viewed by an infinitely distant observer. In this frame, a ‘3+1" decomposition of

the spacetime is made into spacelike hypersurfaces at constant coordinate times. Please
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refer to appendix C for an overview of this decomposition that will be used throughout the
remainder of this chapter.

In a similar manner as the projections made in the co-moving frame, the unprojected
moment expansion can be decomposed into components parallel and orthogonal to the four-
velocity of an Eulerian observer — this four-velocity corresponds to the timelike normal
direction of the spacelike hypersurfaces. Let n® be the Eulerian four-velocity, such that
ngn® = —1. A projection operator onto the spacelike hypersurfaces immediately follows by

comparison to Eq. (3.24)

fyab = gab + na”ba (331)

which also plays the role of the metric on the spacelike hypersurfaces. With these, the second-
rank unprojected moment can be decomposed in terms of n% and Eulerian projections of the

moments (which are defined in terms of the following expression)
b _ b b b b

As was the case for the co-moving frame projections, the Eulerian projections correspond to

the energy density E(V), momentum density F(“V )’ and pressure tensor P(ayb) of the neutrinos as

measured by the Eulerian observer. Making use of the Eulerian four-velocity and projection

operator, the projected moments can be found from Eq. (3.32)

E(y) = ngmyM{3), (3.33)

Ffy = —VabncM(ch) (3.34)
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PE) =" g M), (3.35)

which follows from ngF (‘f/ )= naP(aVb) =0.

An immediate complication posed by the Eulerian projections is that the neutrino fre-
quency v that these moments are specific to is not, in general, the same as the frequency
measured by the Eulerian observer. Neutrino-matter interactions and redshifting effects,
such as those caused by acceleration of the fluid, are most easily defined in the fluid frame,
so it is necessary to relate the co-moving frame projected moments to their Eulerian coun-
terparts. To accomplish this, the co-moving observer’s four-velocity can be decomposed into

components parallel to the fluid’s spatial velocity v® and the Eulerian four-velocity n,

u = W(n®+ 0%, (3.36)

where W = —u,n®

, commonly referred to as the Lorentz factor, quantifies the relative
velocity difference between the two observers. From the normalization and orthogonality
conditions u,u® = n,n® = —1 and n,v* = 0, the usual definition of the Lorentz factor W =
1/y/1 — vjvt is recovered from Eq. (3.36). Using Eq. (3.32) and Eq. (3.36) in Eqns. (3.27)-
(3.28) then gives the relation of the co-moving frame energy and momentum densities to the
Eulerian frame projected moments

Ty = W (B — 20,F,) + viv; ), (3.37)

Hiy = WE, + W(E(y) + F(ZV)>na — Jgyu® — W, P9 (3.38)
Now the moment evolution equation can be brought into a more tractable form. Inserting
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the Eulerian decomposition of Eq. (3.32) into Eq. (3.12) and taking projections parallel

and orthogonal to the Eulerian observer’s four-velocity yields (see appendix D for a full

derivation)
915 O [ 9 o
Do)+ 2okl 9]+ 2 sy,
~ij - Oha .
:O{P(Zi)KU_ (ZV) Ozt _nasgy):|7 (3.39)
and
ar 0 1. 5i ” 0 .
5 F) 507 9P ) — P i) = g [voia ML D
P oy, F k
) Mk Tkw) 08"~ Jdlna N
a 2 o1 + a  Oxt _E(V) o7 +naSgy) ) (3.40)

where the 3-+1 split spacetime quantities are the lapse function «, shift vector %, and the
extrinsic curvature of the spacelike hypersurfaces Kj;. In the preceding equations, the tilde-
quantities represent the densitized form of the corresponding moment, e.g., E(V) = ﬁE(V>,
where v = det;; is the determinant of the spatial metric and quantifies the local volume
element in the Eulerian frame. These evolution equations form a hyperbolic system in a
flux-conservative form, and must be solved for each neutrino species and frequency. In
both Eqns. (3.39)-(3.40), the v-derivative terms encapsulate the effects of velocity- and
gravitational-dependent redshifting, and represent a “flux” along the neutrino frequency
degree-of-freedom. These terms, along with some types of neutrino-matter interactions such
as inelastic scattering on electrons, serve to tightly couple the systems of evolution equations
between the neutrino frequencies.

Since the Eulerian projection of the moments and the evolution equation are for specific
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frequencies defined in the co-moving frame, their frequency-integrated forms follow in the

exact same manner as

o0
E:/ dVE(V) (3.41)
0
[ (3.42)
0 (l/) ’
pav— [ qy pab (3.43)
. W) ~
and
0T = 0 oy - yy ~-0lna ~
o [E] @[ Pl 5]]3} - a{P”KZ'j S - nasa] (3.44)
O1p] v O (it aip] — ol PE0UR , FROBE  z0lna o
E[FZ} +ﬁ[aPi ~#E] =a ot R B S| (345)

As was the case with the frequency-integrated moment evolution equation in Eq. (3.11), the
terms containing frequency-derivatives vanish under integration. This frequency-integrated
form of the evolution equations will not be considered any further, and the explicit v-
subscript will be omitted for the remainder of this chapter in order to simplify notation.

All neutrino quantities will be assumed to be frequency-dependent unless otherwise stated.

3.1.4 Closure Relation

Since the evolution equations for the energy density and momentum density result from
projections of the second-rank moment’s evolution equation, knowledge of the higher-rank
projections are necessary. The higher-rank moments are also necessary when relating the

co-moving frame projections to the evolved Eulerian frame projections. Since the moments

36



of second-rank and higher are not directly evolved (these would also always require the next-
highest rank moments), the pressure tensor P must be provided to close the system in
Eqns. (3.39)—(3.40).

The common approach in this type of two-moment evolution scheme, also referred to as
an M1 scheme, is to approximate the pressure tensor by interpolation between the optically
thin and thick limiting forms that can be specified in terms of the energy and momentum
densities. Since neutrino-matter interactions ultimately determine how optically thin or
thick the fluid is, this determination must be made in the co-moving frame. For the M1
formulation, the interpolation takes the form

3x(§) — 1
2

3(1 —x(&)
2

b b b
L7 = Liyin + Libico (3.46)
where x(€) is a closure function of the parameter ¢ that characterizes how optically thin
or thick the fluid is, and L?}liin and Lg}liick are the optically thin and thick, respectively,
limiting forms of the co-moving frame pressure tensor. A closure function may be freely
chosen (see Murchikova et al. (2017) for a comprehensive list and comparison of commonly

used closures), but it must take on the following limiting values to correctly reproduce these

limiting forms

lim x(§) =

1
Jm 3 (Optically Thick),

(3.47)
lim x(§) =1 (Optically Thin),
E—1
where the parameter £ ranges from zero to one in the optically thick and thin limits, respec-

tively. One effective way to define ¢ such that these limits are met is by the ratio of the

magnitude of the momentum density to the energy density as measured in the co-moving
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frame (Shibata et al., 2011)

hap H*H?

&= (3.48)

In the co-moving frame, this form correctly sets & = 0 in the optically thick limit where the
radiation is isotropic. Defining ¢ in terms of the Eulerian quantities cannot guarantee this
limit since completely trapped neutrinos in a moving fluid will not necessarily be observed
as isotropic in the Eulerian frame, i.e., v;; F iFJ # 0 as the neutrinos will have non-zero
momentum in this frame due to the advection of the fluid.

The structure of the moment expansion in terms of the projected moments allows the
interpolation in Eq. (3.46) to be used for the other projected moments as well. By using
Eq. (3.46) in Eq. (3.21) and then taking the projection Eq. (3.35), the Eulerian frame pressure

tensor can also be expressed as

3x(6) =1 5ap 301 = X(&)) pab
= 2 Ptci,lin + 2 Ptcilick' (349)
By making use of both Eq. (3.46) and Eq. (3.49), the co-moving frame energy and moment
densities can then be found in terms of E, F’, and ¢ via Eqns. (3.37)(3.38). Higher-rank
moments, such as N abc, can also be expressed as interpolations between their optically thin
and thick limiting forms, e.g.,

3x(§) — 1
2

3(1 —x(&)
2

Nabe — Ngbe Ngbe, . (3.50)

The remainder of this section will focus on obtaining the limiting forms of the pressure

tensor in both frames. A list of practical expressions of the co-moving frame energy and
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momentum densities suitable for numerical implementation are provided in appendix E.

3.1.4.1 Optically Thin Limit

In the optically thin limit, neutrinos are free-streaming in a vacuum or non-interacting
fluid, and are assumed to be traveling at the speed of light. As massless particles (to
good approximation), free-streaming neutrinos will follow null trajectories, i.e., their four-
momenta obey p®p, = 0. As such, the magnitude of the neutrino momentum will always

equal the neutrino energy, from which it follows

H® .

J=H=\/hyp H*H", H" = I = Jhe, (3.51)
al N

E=F = \/ygpFeFb, F%= EF = Ef%, (3.52)

where H and F' are the magnitudes of the neutrino momentum in the co-moving and Eule-
rian frames, respectively, and h® and f“ are unit vectors in the streaming direction of the
neutrinos in the co-moving and Eulerian frames, respectively.

Based on the relations in Eq. (3.51), any expression for the optically thin pressure tensor
in the co-moving frame can only depend on the energy density and the streaming direction.

Using Eq. (3.21) in Eq. (3.26) further constrains the trace of the pressure tensor to be
hap L™ = J. (3.53)
With both of these constraints, a suitable form of the pressure tensor is

L% = Jhenb. (3.54)
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By a similar argument, since the neutrino momentum as observed in the Eulerian frame
does not contain any contribution from the motion of the fluid in the optically thin limit,

the Eulerian frame pressure tensor can also be written as

Ptcilbin - Efafb' (3.55)

Alternative formulations of the Eulerian frame pressure tensor exist; see Shibata et al. (2011)
for a further discussion of these forms (including the one used here) and potential issues posed
when using these in the closure interpolation.

The third-rank projected moment can be found by using Eq. (3.54) in Eq. (3.22) and

using the trace condition in Eq. (3.26) to show that

hpe NG = Jh. (3.56)

As with the second-rank moment, it will be necessary to express the third-rank projection
only in terms of the energy density and momentum density. Making use of the identity
hablAzalAlb = 1, a straightforward extension of the procedure used to obtain the second-rank

projected moment gives the third-rank projected moment of the form

NEe — ThOhPhe, (3.57)

3.1.4.2 Optically Thick Limit

In the optically thick limit, the neutrinos are completely trapped by the fluid, leading to

an isotropic distribution. To satisfy the trace condition in Eq. (3.26) and Eq. (3.53) in the
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optically thick limit, the co-moving frame pressure tensor must take the form

J
Lo = ghab- (3.58)

Applying the trace condition in Eq. (3.26) to the third-rank moment expansion in Eq. (3.22)

with Lab given by Eq. (3.58) shows that the third-rank projection’s trace must satisfy
NG, = H°. (359

To preserve the isotropic character of the neutrino radiation, a suitable form for the third-

rank projected moment in the optically thick limit is
1
Ny = £ (Hh + HPRo 4 HOR™). (3.60)

Unlike the optically thin limit, the Eulerian frame pressure tensor cannot be specified in
as straightforward of a manner, as the radiation is not necessarily isotropic in this frame.
Instead, it must be obtained from the projection of the optically thick limiting form of the
second-rank moment expansion

J
Mihae = Juta® + H® + Hou® 4 S

= §<g“b + 4uaub> + H%P + HYu®. (3.61)

Using Eq. (3.61) in Eq. (3.35) gives the optically thick form of the Eulerian pressure tensor

. . J .. .. . ..
Pl =5 (77 + awiod) 4w (ol + 701, (3.62)
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where H' = viaH % is the Eulerian spatial projection of the co-moving frame momentum
densityl, and Eq. (3.31) and Eq. (3.36) were used to expand ¢ and u®, respectively.

An immediate complication with this form of the Eulerian frame projection is the energy
and moment densities in the co-moving frame must now be expressed in their optically thick
limiting forms in terms of their known Eulerian counterparts. To find these expressions,

Eq. (3.62) can be used in the projections in Eqns. (3.27)—(3.28) to show that

1 .
B = 5 (402 = 1) T + 2W 0y (3.63)
. 4 . . .

where Jipicx and H{j s o are the optically thick limiting forms of the co-moving frame energy
and momentum densities, respectively. Inverting these expressions for the co-moving frame
projections continues by contracting Eq. (3.64) with the spatial velocity v*, then solving for

the Wuv; H® term, and finally using the result in Eq. (3.63) to find

3 .
Jthick = W21 KQWQ - 1)E - QWQUiFZ], (3.65)
i F' w 2 2 aw
thick = W ow2+1 [4W E- (4W + 1>ka ]UZ' (3.66)

Using the expressions in Eqns. (3.65)—(3.66) in Eq. (3.62) then gives the optically thick

limiting form of the Eulerian pressure tensor

1) _ 2 2 k
Pihiek = W2 11 [<2W B 1>E = AWy
22 o o o
— m [2E — Uka] UZ/UJ + FZ’U‘] + F‘]’UZ. (367)

IBarred co-moving frame quantities will always represent their Eulerian frame spatial projections.
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3.1.5 Redshifting Effects

The frequency of the neutrinos in the co-moving frame can change due to both the acceler-
ation and shear of the fluid, as well as the curvature of the spacetime. These velocity- and
gravitational-induced redshifting effects are captured in the frequency-derivative terms in the
evolution equations by the projection of the third-rank moment expansion onto the covariant
derivative of the co-moving observer’s four-velocity. While this can be done in the co-moving
frame, it is simpler to perform these calculations in the Eulerian frame where the evolved
neutrino energy and momentum densities, fluid velocity, and metric quantities are defined.
By making use of the Eulerian decomposition of the co-moving observer’s four-velocity in

Eq. (3.36), its covariant derivative takes the form
ow
Viu,. = Vy[W(n.+v.)] = WVyyn, + nc—a ;T Vi(Wu,.). (3.68)
x

Unlike the co-moving frame moment-expansion which can readily be defined by its irre-
ducible parts, e.g., J is the zeroth-rank part of both the second- and third-rank expansions,
the same hierarchy does not generally hold for the Eulerian frame decompositions. Instead,
following the method presented in Cardall et al. (2013), the third-rank moment expansion
can be defined in terms of different Eulerian zeroth- through third-rank projections, taking

the form

Mabc _ Qnanbnc + Ranbnc + Rbnanc + chanb

Sabnc + Sacnb + Sbcna _‘_Tabc’ (3.69)

where, similarly to the projections of the Eulerian second-rank moment-expansion, the pro-
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jections of first-rank and higher are purely spatial, i.e., ngR® = ngoS® = n,T%c = 0.
With this definition, the projected moments can be found in terms of the co-moving frame

projections as

Q = —nanpneM™C = W37 + 3w, H + 3W1)Z‘Ujf/ij + vivjvk]\/'ijk, (3.70)
R = ~L nyne MO = [W?’J +2W 2 HY + ijvkijk] vl WRH
+ QWUjI_/ij + vjkaijk, (3.71)

S = —via'yjbncM“bc = [W?’J - W2vkﬁk} vl + [W2f_]i + vaf/ik} v)
+ [WQHj + vaf/jk} v + WL 4 v, NUK, (3.72)
Tk — ViayjbkaMabc = W3 vk + W2 [ﬁivjvk + HIivik 4 I:Ikvivj}

W [Eijvk + Lyl 4 Ej’%i] + Nk (3.73)

where the barred-quantities are again the Eulerian spatial projections of the co-moving frame
moments. In general, Q, R', and S¥ are not the same as the similar-rank projections of
the second-rank moment expansion. They are only equivalent for the trivial case of v = 0,
such that both observers have the same four-velocity, u® = n%, and the projected moments
in each frame take on the same values.

With the Eulerian decompositions of the covariant derivative of the four-velocity in
Eq. (3.68) and the third-rank moment in Eq. (3.69), the contraction at the core of the
redshifting term in the evolution equations becomes a straightforward (but lengthy) exercise

in tensor algebra, resulting in (see appendix D.3 for the derivation)

My, =~ (Qn + R — 1V (Rin® 4 5%7) — ¢ (SHne 4 70T). (3.74)
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The tensor coefficients in Eq. (3.74) are

[ O [ 01
o) = [l + [, (3.75)
r i k
{1y [OW oW Olna  Wo" 95,
¢ = | 02 - Oz i ori  a ozk | (3.76)
r i k Hn.

where the terms in the left brackets characterize the acceleration and shear of the co-moving
observer, and the terms in the right brackets characterize the curvature of the spacetime.

The timelike and spacelike projections in Eqns. (3.39)—(3.40) trivially follow as

na My, = COVQ + ¢V R+ 0P 5 (3.78)

1My, = O Ry 1 OV ST, 4 DT (3.79)

When the spatial and temporal gradients of the velocity are zero, a non-flat spacetime will
still lead to a “flux” between the neutrino frequencies. This effect is even present in vacuum
or when there is no finite velocity, as the contraction of the higher-rank projections with the
extrinsic curvature Kj;; may still be non-zero. The redshifting effects will only vanish in the
frequency-dependent evolution equations for the trivial case of a flat spacetime and a zero

background fluid velocity.

3.1.6 Neutrino-Matter Interactions

The collision integral in the Boltzmann equation, and consequently its moment-expansion

form, determines the rate-of-change in the underlying neutrino distribution due to the in-
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teraction of neutrinos with the fluid. In the second-rank evolution equations, Equns. (3.39)—
(3.40), the moment-expansion source vector S?y) characterizes the transfer of energy and
momentum from neutrinos of frequency v to the fluid. To maintain energy and momentum
conservation, the net transfer of energy and momentum of all neutrino species over the full

frequency spectrum must also be accounted for in the evolution of the fluid’s energy and

momentum densities. The total interaction source vector is then

SHAES Z / dvSf,, (3.80)

where the additional subscript ¢ in the summation is over all neutrino species. For a hy-
drodynamics formulation similar in structure to the moment evolution equations, i.e., a
formulation based on the covariant divergence of the fluid’s stress-energy tensor, the fluid’s
energy and momentum evolution equations will contain the timelike and spacelike projec-
tions, respectively, of Eq. (3.80), but with an opposite sign as those in Eqns. (3.39)—(3.40).

The source vector takes on different forms for different types of neutrino-matter interac-
tions. To simplify the analysis and facilitate adding new types of interactions, the interaction
source will be separated into terms representing different processes,

S% = 4 + S8

180’

(3.81)

where “ea” denotes emission and absorption of neutrinos by the fluid, and “iso” denotes
isoenergetic scattering of neutrinos off of nucleons and nuclei. The remainder of this section
will describe the form that each of these terms takes. The notation used in Rampp &

Janka (2002); Shibata et al. (2011) of B = [df/dt]., for the collision integral will be
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used throughout, where the explicit subscripts for the neutrino frequency and species will

be suppressed for readability.

3.1.6.1 Emission and Absorption

Emission and absorption of neutrinos result from electron-capture type processes such as
Ve + n = e + p. The total rate of the sum of these processes can be characterized by
an emissivity j and the mean-free path of the neutrinos A. Since neutrinos are fermions,
the reaction rates for all of these processes will be subject to final-state Pauli blocking, also
referred to as stimulated absorption (Rampp & Janka, 2002; Burrows et al., 2006), and the

collision integral takes the form (Bruenn, 1985)

, f
Bea:J(l_ﬁ_xa (3.82)
where f = f(v,) is the frequency-dependent neutrino distribution function that appears
in the Boltzmann equation and moment-expansion. The emissivity and mean-free path are
assumed to only depend on the frequency v of the neutrinos, but not on the direction of

the momentum (2. This form of the collision integral suggests a total absorption opacity

(Rampp & Janka, 2002)

1

Kabs = J + N (3.83)
such that the collision integral takes the form
Bea - j — /{:absf. (384)
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The emissivity can now be brought into a form more suitable for use in the moment-expansion
of the collision integral. When Bey = 0, such that absorption and emission rates are balanced,
the neutrinos will be in thermal equilibrium with the fluid, and described by an equilibrium

Fermi-Dirac distribution (Burrows et al., 2006)

1

feq = G(V_MV)/T—i— 1a

(3.85)

where 1, is the chemical potential of the neutrinos (which goes to zero in the -equilibrium

case). It immediately follows that the emissivity can be expressed as
J= Habsfeqa (3'86)
and the collision integral then takes the form
Bea = Ko (feq — f). (3.87)

The form of the collision integral is aptly suited for use in the moment-expansion of the
collision integral in Eq. (3.10). By defining the equilibrium energy density in the co-moving

frame by using Eq. (3.85) in Eq. (3.17) as

Joq = 1 / AN feq, (3.88)

and assuming that the neutrino radiation is completely isotropic such that Hg, = 0, perform-

ing the first-rank expansion of the collision integral for emission and absorption processes
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leads to the source vector

Sga = ”absjequa - ’{abs(*]ua + Ha)

= Kabs (Jeq — J)u® — Kaps H®. (3.89)

3.1.6.2 Isoenergetic Scattering

When neutrinos scatter off of much heavier nucleons and nuclei, there is no assumed energy
exchange (Bruenn, 1985), so these scattering processes are elastic. To analyze these processes,
it will be useful to simplify the integrals over the angular degrees-of-freedom by defining the
unit vector in the spatial direction of the momentum as ¢! = (cos ¢ sin B, sin ¢ sin 6, cos ),

for polar and azimuthal angles # and ¢, respectively, such that the integrals take the form

/dQ — /_11 d,u/o% dé, (3.90)

where 1 = cos . The total isoenergetic scattering rate must account for all possible incoming
and outgoing scattering angles, and when accounting for initial and final state blocking takes

the form (Bruenn, 1985; Shibata et al., 2011)

1 2
: = y2 / / / —_— ia .
Biso /_1 dp /0 do [f ﬂ Rlso(w)v (3 91)

where f/ = f(v, Q) and Rjg(w) is the isoenergetic scattering kernel as function of the angle

between the incoming and outgoing neutrino directions

w = pp + cos (¢ — ¢’)\/(1 —p?) (1= p'?). (3.92)
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A commonly taken approach is to expand the scattering kernel in powers of w, retaining
only up to the terms linear in w, and the distribution function in powers of £* up to second-

rank (Shibata et al., 2011)

Riso ~ R0,y + wRL,, (3.93)
and
Fa 04 fler 4 p2 0000, (3.94)

where the coefficients with numeric superscripts are all independent of the angle. With these

definitions, using Eqns. (3.92)—(3.94) in Eq. (3.91) shows that

3 1SO

1
Big = 4mv? | RL fler — R?SO( fleo 4 fgbmb)} . (3.95)

With this form of the isoenergetic scattering collision integral, its first-rank moment expan-

sion evaluates to

1S0 1SO 1SO

1
52 = 4m)? [gR-l — R 1H", (3.96)

where the terms proportional to /¢ and gagbpe go to zero under integration over d) in the

expansion. By defining the isoenergetic scattering opacity as

1
Kiso = 41> [R-O o (3.97)

1SO 3 lSO:| ?
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Eq. (3.96) can be simply written as

Sa

iso —

— Ko H®. (3.98)

3.1.6.3 Full Form of the Neutrino-Matter Interaction Source Terms

With the expansions of the collision integral given Eq. (3.89) and Eq. (3.98), the moment

expansion of the full collision integral is then

S% = Kaps (Jeq — J)u® — (Kaps + Kiso) H. (3.99)

The projections necessary for the evolution equations, Eqns. (3.39)—(3.40), are then trivially

found as

—naS* = Whkiaps(Jeq — J) + (Kaps + Kiso)naHY, (3.100)

YiaS® = Whiahs (Jeq = J)vi — (Kabs + Kiso) Hi, (3.101)

With this formulation, all details of the reaction rates based on the properties of the fluid
are encapsulated in the absorption and isoenergetic scattering opacities. This allows greater
flexibility in choosing which interactions are included without having to change the form of

these source terms in the evolution equations.

3.2 Numerical Methods

This section will describe the numerical methods used for solving the moment evolution

equations. Implementation details of the solver developed for Flash-X will be covered later
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in chapter 6. To better illustrate these methods, Eqns. (3.39)-(3.40) will be written as
0,U + 0,F/(U) + 9,R(U) = G(U) + S(U), (3.102)
where 0, = 0/0t, 0j =09/ dzJ , and 9, = 0/dv. The vector of evolved variables is

E
U= . (3.103)
Fi

The remaining terms are all treated as functions of the evolved variables, with

. aFI — BIE
F/(U) = . , (3.104)

- .

ozPi — BJFZ-

representing advection in the j-th spatial direction,

na MV,
R(U) =va : (3.105)

_ryla Mabcvbuc
representing advection along the frequency “axis” of the neutrinos,

ﬁij.k — ﬁ’if)i In
GU) =« J , (3.106)
3P0y + o F 0,57 — E9;Ina

representing geometric source terms resulting from the covariant divergence, and finally

S(U) = a , (3.107)



representing the energy and momentum exchange due to interactions between neutrinos and
the fluid. The remainder of this section will cover the methods used for solving the closure
relation and performing temporal, spatial, and frequency discretizations of each of the terms

in Eq. (3.102).

3.2.1 M1 Closure

Closing the evolution equations and interpolating the co-moving frame quantities requires
specifying a closure function x(£). As mentioned earlier in this chapter, the closure function
must be able to reproduce both the optically thin and thick limiting forms of the co-moving
frame pressure tensor, but is otherwise freely specifiable. There are many different closure
functions commonly used in two-moment evolution schemes, which all take different ap-
proaches to arrive at a functional form of x(¢), ranging from simple weighted averages, to
multi-parameter fits of analytic models or direct solutions of the Boltzmann equation, e.g.,
from Monte Carlo particle methods. For a comprehensive list and comparison of widely used
closure functions, please refer to Murchikova et al. (2017).

The implementation described in this chapter will make use of the maximum-entropy
Minerbo closure (Minerbo, 1978; Cernohorsky & Bludman, 1994)

2
x(£)=%+%( 52—§+3>. (3.108)

This form of the closure results from maximizing the entropy as a functional of the distri-
bution function, and has a simple polynomial form. The Minerbo closure is widely used in
general relativistic neutrino radiation transport codes; see Foucart et al. (2015); Radice et al.

(2022); Cheong et al. (2023) for examples.
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Obtaining the pressure tensor and various co-moving frame projected moments from their
closure interpolations requires solving Eq. (3.48) for the closure factor £. Unfortunately,
Eq. (3.48) is implicit in the closure factor, as both J and H® must be interpolated between
the optically thin and thick limiting forms via the closure. As such, £ must be solved for

numerically. First, Eq. (3.48) is transformed into the function

G(&) = [J(&)]*€? — hy HY (&) H(€), (3.109)

where the dependence of the co-moving frame energy and momentum densities on the closure
factor is shown explicitly. Solving for the closure factor now reduces to finding the numerical
root of G(§) = 0. Since the closure factor is always in the range 0 < ¢ < 1, the bracketed
Brent root-finding algorithm (Brent, 2002) is used to solve Eq. (3.109) for every new set of
E and F'. A Newton-Raphson iterative method can converge on a solution faster with an
adequate initial guess, e.g., a previous known value of &, or F'/E in the zero-velocity limit,
but in practice struggles to converge in the limit of relativistic velocities near the boundaries

£=0,1.

3.2.2 Spatial Advection

The spatial advection operator 8j F(U) makes use of either a finite-volume or finite-difference
discretization. The finite-volume discretization is well suited for the flux-conservative form of
Eq. (3.102), and works well with the cell-centered mesh utilized by Flash-X. The alternative
finite-difference discretization seeks parity with the finite-difference hydrodynamics scheme
(see chapter 4), and performs comparably to its finite-volume counterpart.

This section will describe the eigenstructure of the spatial advection operator and the
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finite-volume and finite-difference discretizations.. Each discretization will divide the domain
into a mesh of cells, and the evolved variables will be located at the cell-centers. Both will
be described along a single spatial direction, but will generalize to all directions. In the
following, the notation U; will represent cell-centered quantities in the ¢-th cell along an axis
in the mesh, and U /5 will represent the upper (+) and lower (-) face-centered quantities

of the i-th cell.

3.2.2.1 Eigenstructure

The eigenstructure of the spatial advection operator describes the characteristic trajectories
and speeds of the solution variables in space and time. These characteristics are necessary for
determining the upwind direction of the flow in order to maintain numerical stability when
discretizing this operator. To examine these characteristics, the spatial advection operator
is first written in the form

OFJ

0;U = AJ9;U, (3.110)

where AJ is the Jacobian matrix of F/. Using Eqns. (3.103)-(3.104) in Eq. (3.110), the

Jacobian takes the form

| —p ayi
7 . .
Al=| oni api aE (3.111)
- at = BN
o8 “oF, i

where 7 and k represent the row and column indices, respectively; j is fixed for each direction.

The characteristic speeds are then simply the eigenvalues of A7 obtained from the solution
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of
det (Aj - /\I> —0, (3.112)

where ) is an eigenvalue of A7, and I is the identity matrix. However, in this most general
form, the derivatives of the pressure tensor with respect to the energy and momentum
densities are complicated by the presence of the closure factor £. An equivalent approach to
finding the characteristic speeds is to solve Eq. (3.112) separately for the optically thin and
thick limits and interpolate the characteristic speeds in the same way as the pressure tensor
(Shibata et al., 2011).

For the optically thin limit, taking the derivatives of the pressure tensor in Eq. (3.55)

with respect to the energy and moment densities yields

/\‘/\

(9i [P. ]thln f fis (3-113)
o [P = FLO7 =2 ) i) 311

Using these derivatives in the Eq. (3.111) leads to the optically thin limiting forms of the

characteristic speeds in the j-th direction

XLo=—B tafl (3.115)
. E ..
Athin = =5 + a7, (3.116)

where the characteristic speed )\ghin is doubly degenerate. Similarly for the optically thick

limit, taking the derivatives of the pressure tensor in Eq. (3.67) with respect to the energy
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and moment densities yields

9 1 . _
OE [P ]thmk W21 +1 [<2W2 - 1>7]z' - 4WZUJW ) (3.117)
0 ; 22 , , . .

OF, [Pji]thick T oOW2 41 (”j”i - 7]i>”k + 77 v; + 407 (3.118)

Using these derivatives in the Eq. (3.111) leads to the optically thick limiting forms of the

characteristic speeds in the j-th direction

2W2p] £ [a2 (22 +1)i7 — 20 2pipd

+
)‘thlck o 6j + oW 2 41 ) (3'119)
Abhick = =67 + 17, (3.120)

where? pl = cwjkuk /W = av’, and once again the characteristic speed )‘ghi o 1s doubly
degenerate. The closure interpolated characteristic speeds are then given as

0 3 —1 31— x(©)]+0

= o M T 5 Mhick (3.121)

3.2.2.2 Finite-Volume Discretization

For the finite-volume discretization, the cell-centered U, are treated as the volume-averages
over the i-th cell. The spatial fluxes of the evolved variables in and out of each cell are
approximated at the interfaces between the cells. The values of the evolved variables needed

in evaluating Eq. (3.104) are not known at the cell-interfaces, so they must be reconstructed

2Most works citing the optically thick characteristic speeds of Eq. (6.35) in Shibata et al. (2011) incorrectly
assume that pJ = aVJ /W = avl /W. However, in section 6.2 of Shibata et al. (2011), V/ is defined as the
spatially projected co-moving frame four-velocity Vi = 'y]ku k= Wol. Incorrectly assuming VJ =) leads
to increasingly wrong characteristic speeds at relativistic velocities. For example, in a flat spacetime and
the limit of v — 1, using the incorrect definition VJ =07 leads to characteristic speeds that approach zero,
whereas the correct definition VJ = W/ leads to the expected characteristic speeds that approach unity.
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from their cell-centered values.
In each cell, the values at the upper (4) and lower (-) interface are reconstructed using a
total-variation diminishing piecewise linear interpolation over a stencil including the adjacent

cells (Kurganov & Tadmor, 2002; Toro, 2009)
1
U =U; = 50 0)AU 1, (3.122)

where ¢(r, 0) is the generalized minmod slope limiter

1
é(r,0) = max [O,min (re, %,9)], 1<0<2, (3.123)
and the slopes and their ratio are defined as
AU;
= AU; =U; —U;_;. 124
r AUi—i—l’ U;=U;-U; (3 )

Use of a generalized minmod limiter provides a means of varying the amount of dissipation
in the reconstructed slopes via the parameter . The limiter is most dissipative when 6 = 1,
and least dissipative when 6 = 2. This flexibility allows more dissipation to be added when
necessary, e.g., to smooth out potential overshoots near shocks and rarefactions in the fluid.

In practice, the neutrino moments E and F;/FE are reconstructed instead of the evolved
densitized moments E and Fj. To minimize errors in reconstruction, the densitization factor
/Y is removed since linear interpolation may not always be suitable for spacetime quantities.
For instance, with a simple spherically symmetric Minkowski spacetime, the factor /7 = 2

will not be correctly reconstructed when the reconstruction stencil overlaps the reflective

boundary at the origin. Reconstructing the ratio F;/E prevents the superluminal momentum
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densities that can occur when reconstructing F; directly (Foucart et al., 2015; O’Connor,
2015). Additionally, the fluid velocity v' is reconstructed in a similar manner, but the
spacetime quantities «, 3%, and 7ij, which are smooth in space, are reconstructed with a
fourth-order Lagrange interpolating polynomial. All derived quantities, including the closure
factor &, pressure tensor P, characteristic speeds, inverse spatial metric fyij , its determinant
v, and the fluid’s Lorentz factor W, are calculated in terms of the reconstructed interface
values.

There are now two reconstructed states for each interface, the upper face from the cell
to the left and the lower face from the cell to the right. In general, these two states are not
necessarily the same, and form a local Riemann problem that must be solved to resolve the

discontinuity. First, the left (L) and right (R) states at the i + 1/2 interface are chosen as

L _rT+ R orr—
Ui+1/2 - Ui ’ Ui+1/2 = UZ'H, (3.125)
and then used to compute the spatial fluxes via Eq. (3.104) as
Fil"  _pi(ul Filt _pi(UR 12
[ ]i+1/2 N ( Z'+1/2)’ [ LH/Q - ( i+1/2>' (3.126)

With these states and their fluxes, the local Riemann problem is solved by using the Harten,
Lax, van Leer (HLL) approximate Riemann solver (LeVeque, 2002; Toro, 2009), giving the
flux across the interface

+ i1l ~ iR +.(UR L
sT[F] sy tesTs (Ui+1/2_Ui+1/2)

FJ] -
[ i+1/2 st —s—

: (3.127)

where the fastest characteristic speeds in the left-to-right (+) and right-to-left (-) directions
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are

5* = max ({Ato}L,{Ai,o}R)
5~ = min ({wo}? {Ai»o}f‘),

and the factor € corrects for the optically thick limit. In this limit, the neutrinos behave

(3.128)

diffusively and the evolution equations are no longer hyperbolic. The HLL Riemann solver
fails to produce the correct form of the flux when there are large gradients between the left
and right states. The correction method utilized here follows similar approaches in Skinner
et al. (2019); Radice et al. (2022); Cheong et al. (2023), and decreases the contribution from
the final term in Eq. (3.127) as the optical depth increases. For this purpose, the correction

factor is defined as

1

e =min | 1, 5 , (3.129)
Tit1/2
where Tij+1 /2 is the geometric average of the optical depths across each of the adjacent cells

in the j-th direction
J _ JJ
T2 = \ T T (3.130)
Each cell’s optical depth is approximated by
7}] = [Kabs T Kisol; dx‘g ) (3.131)

where dxg is the proper distance across the i-th cell in the j-th direction.

Finally, the second-order approximation of the divergence of the spatial flux can be found
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from the interface fluxes as

J] . — [FJ].
[a'Fj(U)L _F L“/[ij%F }1‘1/2, (3.132)

1

where [Aa:j L is the width of the ¢-th cell in the j-th direction.

3.2.2.3 Finite-Difference Discretization

The finite-difference discretization is based on the one presented in Radice et al. (2022), and
the key elements are described below. This discretization assumes that the evolved variables
U, are point-like values at the cell-centers. Again, the spatial advection operator is evaluated
across each cell by Eq. (3.132), but in contrast with the finite-volume discretization, the
fluxes at the cell interfaces are approximated directly from the cell-centered values. While
this allows for a more computationally-efficient implementation of the flux calculations, this
discretization is more dissipative than both the previous finite-volume discretization and the
high-order finite-difference discretization used for hydrodynamics that will be presented later
in chapter 4.

Since this discretization only makes use of the cell-centered states U;, Eq. (3.104) is

evaluated for each cell
[FJ'] = Fiuy), (3.133)
7

along with its characteristic speeds via Eq. (3.121). These cell-centered fluxes are then used

to make high-order and low-order approximations of the flux at the interface of two adjacent
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cells. A Lax-Friedrichs approximation is used for the low-order (LO) flux

0 ([ [P)) - (V0. o

where A\pax is the fastest characteristic speed in the adjacent cells

}i’ {’/\LO

A second-order approximation is used for the high-order (HO) flux

Amax = max ({ ’Ai70

}¢+1)' (3.135)

[Fj}iolm - %([FJL * [Fj]iﬂ)' (3-136)

Alternatively, higher-order approximations can be used, such as the WENO scheme discussed
in chapter 4 for the hydrodynamics solver, but will incur an increased computational cost.

Finally, the flux at the interface is approximated by a variation of a flux-limiter approach

Pl = [Pl 0 -0([P)e - [Pln) 0090

where similarly to the finite-volume discretization, € is the corrective factor for the optically
thick limit, and ¢ is the minmod limited slope from the states in the surrounding cells. These

interface fluxes are then used to evaluate the spatial advection operator via Eq. (3.132).

3.2.3 Frequency Advection

Velocity- and gravitational-dependent redshifting effects lead to a change in the number

density, and consequently the energy density, of neutrinos with a frequency v, as measured
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by a co-moving observer. In Eq. (3.102), these changes in frequency are described by the
term 0,R(U), which characterizes advection along the v-axis (the remaining momentum
degree-of-freedom after performing the moment expansion). Advection along this v-axis
effectively couples the evolution equations for each frequency of neutrinos being evolved.
This section will present a new method for discretizing this operator that aims to be more
computationally- and memory-efficient to implement.

Since 0, R(U) accounts for the flux of neutrinos between different frequencies, it must

vanish when integrating the evolution equations over all neutrino frequencies, i.e.,
oo
/ dv 8, R(U) = 0, (3.138)
0

in order to conserve the neutrino number and energy densities (Miiller et al., 2010). For
Eq. (3.138) to hold, R(U) must vanish at the endpoints v = 0, c0. The discretization of the
frequency-advection operator will need to enforce these boundary conditions on both R(U)
and its derivative.

A common approach to discretizing the frequency-advection operator uses a flux conser-
vative finite-volume method that breaks up the v-axis into frequency-bins. The moment-
expansion and its projection are now represented as the bin-integrated values

vtk — / L2 4, (3.139)

)~y )

Yi—1/2

where 7; and 7; 1 ¢ /2 are the bin-center and bin-interface values, respectively, of the frequency
in the i-th bin. Simply using the bin-integrated values directly in Eq. (3.105) will not

guarantee that Eq. (3.138) holds, so the monochromatic values at the bin-interfaces must
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be reconstructed while accounting for the boundary conditions. These interface values are
typically reconstructed from both directions, and then a weighted contribution from both
states is used to approximate the flux across the bin-interface. For examples of this type
of flux-conservative discretization, please refer to Miiller et al. (2010); O’Connor (2015);
Cheong et al. (2023).

While these frequency-bin discretizations can be constructed to guarantee number and
energy conservation, there are drawbacks to their use. The frequency-bins are usually log-
arithmically spaced, and typical approximations of the bin-center values made from the

bin-totals such as E(V) = E(ﬁ) /AD; may not accurately reflect the actual bin-centered
(3 (3

monochromatic values in larger bins. Additionally, since an infinitely-wide bin at the upper
boundary is not possible, an arbitrary upper boundary where the moments are expected to
be negligible must be chosen; this can be problematic if the contributions near this bound-
ary become non-negligible during evolution. Finally, these discretizations commonly rely on
small stencils of bins when approximating the v-derivatives, and can require a large number
of bins to achieve sufficient resolution over a desired range of frequencies. Since there are
four equations to solve for every neutrino frequency and species, this quickly leads to soaring
computational costs as the number of evolved neutrino frequencies is increased.

Instead, this implementation will make use of a pseudospectral discretization of the v-axis.
In a pseudospectral discretization, evolved quantities are projected onto a set of orthogo-
nal polynomial basis functions to build interpolants of these quantities and their derivatives
in their original coordinate basis (Boyd, 2013). Spectral and pseudospectral methods are
commonly used in numerical relativity, as they can achieve an accuracy comparable to finite-
difference and finite-volume methods while using a much smaller set of discretization points

(Baumgarte & Shapiro, 2010). Applying a pseudospectral discretization to the frequency
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advection operator allows the monochromatic projected moments to be evolved directly, and
quadrature rules associated with a chosen polynomial basis will provide more accurate ap-
proximations to the frequency-integrated quantities than those made with a simple Riemann

sum in a frequency-bin discretization.

3.2.3.1 Basis Polynomials

Choosing an appropriate set of basis polynomials is absolutely critical. Commonly used
Chebyshev polynomials prove useful for almost all non-periodic problems (Boyd, 2013), but
an ideal set of basis polynomials will automatically meet the boundary conditions and have
a domain that easily maps to the v-axis. Since neutrinos are fermions, one such option are
the set of polynomials that are orthogonal with respect to the Fermi-Dirac distribution. This
section will describe a set of Fermi-Dirac weighted orthogonal polynomials and their associ-
ated quadrature rule, based on a method for calculating moments of an electron distribution
function presented in Oettinger et al. (2013).

Let Fy,(x) be the set of polynomials that are orthogonal with respect to the inner product

(FonlFo) = /0 4 () Fon(5) Fn () = Do, (3.140)

where Dy, is a normalization constant, &, is the Kronecker delta, and the weight fi.(z) is

a generalized Fermi-Dirac distribution

fulz) = . (3.141)

The polynomials F,(z) are constructed via the Gram-Schmidt process (Roman, 2007) ap-
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plied to the set of polynomials X, (z) = x
——Fm(x). (3.142)

These basis polynomials are then used to form an N-point quadrature rule with nodes

x; and weights w; (Press et al., 2007). The N nodes and weights are

Fn(r) =0
1 < fel@)Fy(z)
/0 dp —Fr——-=

~ Fl) v

0<i<N. (3.143)

w;

For practical purposes, the basis polynomials for up to N = 6, along with their nodes and
weights, are pre-computed numerically using Mathematica (Wolfram Research, Inc., 2023).

This quadrature rule can approximate the integral of a function g(z) = fi.(z)h(x) as

o o N-1 N1
/0 dz g(z) = /0 dz fo(2)h(z) ~ nz_ownh(:cn): nz_o Hgln). (3.144)

where a factor of fi.(x;,) must be removed if g(z) is used directly in the summation.

3.2.3.2 Derivatives and Integrals of Frequency-Dependent Quantities

The basis polynomials are used to build an interpolating polynomial along the r-axis. In
order to make use of the quadrature rules in the previous section, the frequencies v must
be mapped to the quadrature nodes z;, i.e., v; = v(x;). In the simple case of a equilibrium

distribution, the map takes the form
v(z) =Tw, (3.145)
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where T is the equilibrium temperature; this is the direct result of making the substitution
v/T — x to arrive at Eq. (3.141).

Next, frequency-dependent quantities must be projected onto the polynomial basis. An
arbitrary frequency-dependent M(V) is projected on to the basis polynomials via the inner

product (of the same form as Eq. (3.140))

N-1

I 1
m; = 3/0 Az fi(@) My (o) Filw) = 357 D wnM(y,) Filan), (3.146)
t t'm=0

where the summation directly applies the quadrature rule associated with the polynomial
basis functions, and the normalization factor D; is accounted for separately since it is not
included in the definition of the polynomials. With these coefficients, the interpolating

polynomial for a frequency-dependent quantity takes the form

N-1

M@y = Y milFi(x) fr(@)], (3.147)

1=
from which its derivative immediately follows as
N-1

> milFi(@) fi(@)] (3.148)

1=

M) = 7
where the primed quantities are derivatives with respect to z. The z-dependence (and
consequently v-dependence) are now completely contained in the basis polynomial and weight
functions and their derivatives.

When working strictly with frequency-dependent quantities located at the N quadrature
nodes, all the of z-dependent quantities can be pre-computed, and calculating Eqns. (3.146)—

(3.148) for all N points reduces to matrix-vector multiplications. For this case, the frequency-
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integrated quantities reduce to the vector dot-product

N-1

M :/0 dv M(V) :/0 dzx VI(J})M(V) = Z fk(;z)l/(mZ)M(Vl) (3149)

1=

In application to the frequency advection operator, R(U) is computed first for each neu-
trino frequency v;. Next, these values are projected on to the basis functions via Eq. (3.146).
Finally, Eq. (3.148) is used to evaluate the full operator 0, R(U) for all frequencies v;. When
frequency-integrated quantities are required, e.g., for the frequency-integrated full collision
source term in Eq. (3.80), or for outputting the frequency-integrated projected moments,
Eq. (3.149) is used directly. This will also prove useful for additional neutrino-matter in-
teractions that require the evaluation of frequency-integrals, such as inelastic scattering of

neutrinos off of electrons.

3.2.4 Geometric Sources

The geometric source terms G(U) are evaluated directly in terms of the cell-centered neutrino
and spacetime variables. Computations of the spatial derivatives of the spacetime quantities
all use a centered fourth-order finite-difference operator

29 1

i m[ﬂi—z — 8¢i—1 + 8gi+1 — gi+2), (3.150)

where g is replaced with, respectively, the lapse «, the shift components 3%, and the spatial
metric components ;;. This operator is applied separately along each direction j. The
derivatives of the spacetime quantities, fluid velocity, and Lorentz factor present in the fre-

quency advection terms are also computed using Eq. (3.150). While the spatial accuracy for
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both the finite-volume and finite-difference discretizations is only second-order, this fourth-
order approximation for the derivatives of the spacetime quantities mirrors the difference

operators used in the spacetime solvers described later in chapter 5.

3.2.5 Time Integration

The disparate timescales associated with each of the operators in Eq. (3.102) complicate the
time integration of the evolution equations. The advective timescale, which is at worst the
light-crossing time of the smallest cell, can be used to stably evolve most terms in Eq. (3.102)
with explicit time integration methods. However, the timescales of the neutrino-matter in-
teractions are O( 1/ /‘iea’iso) (Burrows et al., 2006), which quickly become orders of magnitude
smaller than the advective timescale at high optical depths. These timescales cannot be sta-
bly evolved with explicit methods for any practical size of the time-step. While fully-implicit
time integration methods can be used to stably evolve Eq. (3.102) for a more-practical choice
of time-step, the computational and memory costs rapidly become prohibitive for large num-
bers of neutrino species and frequencies since the spatial- and frequency-advection operators
are non-local along their respective axes.

Instead, Eq. (3.102) will be integrated using a hybrid implicit-explicit (IMEX) method
in a method-of-lines (MoL) discretization (see chapter 6 for more details about the MoL
discretization and the IMEX time-integrator, and their implementation in Flash-X). When
using the IMEX method for time-integration, an explicit integration method is applied to the
advective and geometric sources, and is coupled to an implicit integration method used for
updating the neutrino-matter interaction sources. Extending the notation in Eq. (3.102) as

U" to now include a superscript n referring to the state at the n-th time-step, the evolution
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equation is written in the form

@Unﬁ n+l _ Fg (Un) + Iy <Un+1> ( )
3.151

Fi (U“> — 0, (U“) _ GVR<U"> + G(U"), Fy (U”“) _ S(U”“),
for advancing the evolved variables from U™ to UL, where Fg and Fy are used to update
the evolved variables explicitly and implicitly, respectively.

The interactions sources are updated implicitly during each stage of time integration.
Since the included interactions described earlier in the chapter do not couple the neutrinos
between frequencies, the implicit-update equation takes a block-diagonal matrix form, where
there is one 4 x 4 block for each neutrino species and frequency. This greatly simplifies the
update procedure, allowing each block in the equation to be solved separately. As these terms
are highly non-linear due to the closure interpolation, they cannot be directly inverted, so

Newton-Raphson iterations are used to find the root of the function
g(Un+1> —yntl - [U” + AtFg <U”>} ~ AtFy (U“H) —0. (3.152)

While the preceding equation is for the full time-step, this procedure takes the same form
for finding the intermediate states during every integration stage. The incoming state (the
terms in the brackets) is used as the initial guess. Alternatively, an initial guess can be
made by transforming E and Fj to the co-moving frame, explicitly evolving J and H;, and
transforming their solution back to the Eulerian frame; this provides an approximation for J
and H; accurate to O(v/c), but not necessarily for £ and Fj;. See Radice et al. (2022); Cheong

et al. (2023) for examples of this type of initial guess. The Newton-Raphson iterations then
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take the form (Press et al., 2007)
Ukl _ gk _ [g’ (Ukﬂ _1Q(Uk>, (3.153)

where G’ is the Jacobian of Eq. (3.152)

oy =1 A2
G'(U) =1- At (3.154)

and I is the identity matrix. See appendix F for the full form of the derivatives of the
interaction source terms in Eq. (3.154).

A common approach to simplifying the implicit update procedure is linearizing the in-
teraction source terms, allowing for a direct inversion of Eq. (3.152). This can be accom-
plished by assuming the direction of the momentum remains constant, i.e., f’ = const. or
kak = const., or that the closure does not change as a result of the implicit update, i.e.,
¢ = const.. See Foucart et al. (2015); Weih et al. (2020) for examples of these linearizations.
However, these types of approximations can be problematic for maintaining energy and mo-
mentum conservation (Radice et al., 2022). Instead, following the methods in Radice et al.
(2022); Cheong et al. (2023), the closure is computed for every iteration and all non-linear

terms in the interaction sources are retained.

71



Chapter 4

General Relativistic Hydrodynamics

The general relativistic neutrino radiation transport solver presented in chapter 3 is of limited
use on its own when applied to problems in vacuum or with fixed-background fluids. Coupling
the evolution of the neutrinos with the fluid requires a compatible hydrodynamics formulation
in order to enforce energy and momentum conservation and maintain numerical consistency
and stability. In the dynamic curved spacetimes present during neutron star mergers and near
the compact objects formed during core-collapse supernovae, the effects of general relativity
on the evolution of the fluid and neutrinos cannot be ignored. This chapter will present
the formulation of and the numerical methods used for a general relativistic hydrodynamics

solver, while its implementation will be presented later in chapter 6.

4.1 Mathematical Formalism

For the method presented here, only an ideal fluid will be considered, with the stress-energy

tensor defined in the fluid’s restframe
T% = phufub + pg??, (4.1)

where u® is the four-velocity of a co-moving observer, g“b is the inverse of the full spacetime

metric, p and p are the fluid density and pressure, respectively, and the specific enthalpy is

h=1+e+L2 =72 (4.2)
0
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with a total energy density e = p(1 + €) including contributions from the fluid’s rest-mass and
the internal energy e. Similarly to the neutrino radiation transport formulation in chapter 3,
it will be necessary to define the stress-energy tensor in the Eulerian frame of the 3+1 split

spacetime. In this frame, the stress-energy tensor takes the form

T% = gnnl + §nb + Shn + S, (4.3)

where n® is the four-velocity of the Eulerian observer, or equivalently the normal vector
to each spacelike hypersurface in the spacetime decomposition. In analogy to the neutrino
moment-expansion projected moments, the Eulerian projections of the fluid stress-energy

tensor are found as

E=nanyT™ = phW? —p (4.4)
St = —~l nyT% = phw’ (4.5)
SV = viavijab = phW2vid + py, (4.6)

where v’ is the fluid velocity with Lorentz factor W = 1 /v/1 — v;vt. These projections result
from using the Eulerian decomposition of the four-velocity in Eq. (3.36).
Energy and momentum conservation are guaranteed when the total stress-energy tensor

of the fluid and neutrinos is divergence free,

Vi

ab ab
T% + za: M(U)] =0, (4.7)

where V), is the covariant derivative operator, and the summation is over the frequency-
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integrated neutrino stress-energy tensor of each neutrino species. In comparison with the
frequency-integrated second-rank moment expansion equations in Eq. (3.13), it follows that

the fluid energy and momentum densities must obey

VT = —Sot., (4.8)

where S{, is the full sum-over-species integrated-over-frequencies neutrino-matter inter-

action source term defined in Eq. (3.80). Mass conservation is enforced by requiring the

rest-mass density along the trajectory of the co-moving observer to remain divergence-free

Va(pu®) = 0. (4.9)

This equation is commonly referred to the mass-current continuity equation.
The evolution equations for the energy and momentum densities result from the timelike
and spacelike projections of Eq. (4.8) and take the exact same form as the neutrino moment

evolution equations

08 0 [ ai ia - 01 .

5 (08~ #E) |81~ ST i 10
dS; 0 i . 1 ~:.07i S-E)Bj ~0Ina ~

5 3 ( Sjrﬁjsi)zalisjka—é—iw “ &g o] (1)

The evolution equation for the rest-mass density follows directly from using the Eulerian

decomposition of the co-moving four-velocity, Eq. (3.36), in Eq. (4.9) to find

o o) s
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where D = pIV is the rest-mass density measured in the Eulerian frame. In the preceding evo-
lution equations, all tilde-quantities include the densitization factor /7, where v = det v;;.
A common modification made to the energy density evolution equation to facilitate numer-
ical implementations is to separate the contribution from the rest-mass energy by defining
the new variable 7 = & — D (Rezzolla & Zanotti, 2013). Substituting this new variable into
Eq. (4.10) and using Eq. (4.12) to eliminate the terms proportional to D gives the modified

energy density evolution equation

O+ 2 [a(8 - Doi) - 7] = {smmj sl

= +ngSes | (4.13)

ot | ozl

This flux-conservative form of the evolution equations in Eqns. (4.11)—(4.13) without the
neutrino-matter interaction sources terms is commonly referred to as the Valencia formula-

tion and was first proposed in Banyuls et al. (1997).

4.2 Numerical Methods

This section will describe the high-order finite-difference discretization used to solve the fluid
evolution equations. A similar notation to the one used in chapter 3 will be used to separate
Eqns. (4.11)—(4.13) into terms of operators acting on the evolved variables. Using a different
font typeface to distinguish these vectors and operators from the ones used in chapter 3, the

evolution equations are written in the form

9V + 9;F/ (U) = G(U) + S(V), (4.14)
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where the vector of evolved conserved variables is

< @1

Il

the flux vector in the spatial advection operator for the j-th direction is

ﬁ(owj — ﬂj)

Flu=| o8 -pis |

o8§7 — Dui) - i
the geometric source vector is

0
G(U) = %S]kaﬂ/jk — (Jzilgj@iﬁj — 581 Inals

SNUKZ] — 3182 In o

and the neutrino-matter interaction source vector is

0

S(U) = |~ 5.

naStaot.

(4.15)

(4.16)

(4.17)

(4.18)

The source terms on the right-hand side of Eq. (4.14) are treated similarly to those in

the neutrino moment evolution equations, so they will only briefly be described here. The

geometric sources take the exact same form as those in the neutrino moment evolution equa-
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tions, and are calculated in the same way as described in chapter 3. The neutrino-matter
interaction sources will be handled in a simplified manner: the opacities characterizing the
interactions will be held fixed when implicitly updating the evolved neutrino variables, and
then will subsequently be used to explicitly update the fluid variables. This method is
commonly used in radiation transport solvers and works well so long as the fluid does not
rapidly change over the course of a single time-step; see Foucart et al. (2015); O’Connor
(2015); Radice et al. (2022); Cheong et al. (2023) for examples of this method. Implicitly
updating the fluid variables alongside the neutrino variables would fully-couple all neutrino
frequencies, vastly increasing the computational cost by requiring an iterative solution of the
much-larger (5 +4 X Nipeq X Nspecies) X (5 +4 X Npeq X Nspedes) matrix equation (which
is no longer strictly block-diagonal) for the full fluid plus neutrino system of evolution equa-
tions.

The remainder of this section will be dedicated to describing the eigenstructure and the
discretization of the spatial advection operator, as well as a method used to recover the
primitive variables, such as the density, pressure, and velocity. Similarly to the presenta-
tion of the discretization of the neutrino moment evolution equations, the following will be
presented for a single spatial direction, but will generalize to all spatial directions. The
quantities U; will refer to cell-centered values in the i-th cell along the chosen direction, and

the quantities U; 44 /2 will refer to the upper (+) and lower (-) cell-interface values.

4.2.1 Eigenstructure

The eigenstructure of the spatial advection operator is used to determine its characteristic
trajectories and speeds. The speeds are immediately useful for determining the maximum

stable time-step size, although the neutrino characteristic speeds typically require a smaller
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time-step size. The characteristic trajectories provide a decoupled form of the advection
operator that can robustly capture shocks that form in the fluid. To examine this eigen-

structure, the spatial advection operator in the i-th direction will first be written as

OF" ;
O0;F(U) = maiu = A"0;U, (4.19)

where the flux operator A’ is the Jacobian of the spatial flux vector F* with each row corre-
sponding to the elements of F? and each column the derivative with respect to elements of

U. The flux operator can be diagonalized by its eigendecomposition in the form

A" = R7IAR, (4.20)

where A is a diagonal matrix of the eigenvalues of A’ and R is the matrix of right-eigenvectors,
with each column corresponding representing the eigenvector associated with the same col-
umn in A.

The characteristic speeds for the evolution equations are simply the eigenvalues of A’. For
the Valencia formulation, the unique eigenvalues associated with the flux in the i-th direction
are A+ which characterizes acoustic waves, and the triply-degenerate \g which characterizes

matter waves (Banyuls et al., 1997)

(1 — cg)pi + cs\/(l — v2) [aQ(l — 0203)7” — (1 — c%)pipﬂ

Ay =01+ ,
+ & 1 — v2c2

(4.21)

N =-5"+1, (4.22)

where p' = av’, and ¢g is the relativistic sound speed of the fluid defined in terms of the the
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thermodynamic derivatives of the pressure with respect to the density and internal energy,

while holding the opposite quantities constant,

op D
2 _ [ ZF .
hes (81))6 " p?

In normal ordering, the eigenvalue matrix is then

(%)p. (4.23)

A = diag(A—, Ao, Ao, Ao, A+)- (4.24)

The analytic forms of the eigenvectors for the Valencia formulation are also known, and
will prove useful in projecting the evolved variables and their fluxes on to their characteristic
trajectories. The right-eigenvectors for this system are presented in Ibanez et al. (1999);

Rezzolla & Zanotti (2013) and are summarized here for reference. For the i-th direction, the

components of the eigenvectors r(F) = réi), rgi), réi), rz())i), rfli) ! associated with At are
réi) =1,
) = v
r§i) = hWwuj, (4.25)
r]ii) = hWuy,

with

== (4.26)
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T
The components of the eigenvectors r(0n) = [r(()o’n), r%o’n),rgo’n),Tgo’n),rflo’n)] associated
with \g are
0,1 K 0,2 0,3
r(() ):W, r(() ):ij, 7“(() ):va,
TZ(O’I) = v, TZ(O’Z) = h(%‘j + ZWQUin), rio’g) = h(%’k + 2W2vivk>,
0,1 0,2 0,3
7”§~ ) vj, 7’§. ) — h(’yjj + QWZUjUj), 7’§ ) h(*yjk + 2W27ijk), (4.27)
0,1 K 0,2 0,3
rfl )1 R 7"51 ) = Wo;(2hW — 1), rfl ) = Wor(2hW — 1),
where
Op/0e
K= (9p/ )'0 ) (4.28)

(Op/0e€), — pc3

The explicit component notation for the five components of each eigenvector allows for
a straightforward specialization in each spatial direction, where the ¢, j, kK components are
easily permuted for different directions. For each direction ¢ = 1, 2,3, the corresponding
values of 4, j, k for the components and their ordering take on the cyclic permutations of
1,7,k = 1,2,3. With these, the right-eigenvector matrix corresponding to the eigenvalue

matrix A in Eq. (4.24) takes the form

R= [r(_), r(o’l), r(O’z), r(O,S)) ()] (4.29)

The inverse of the right-eigenvector matrix, also referred to as the left-eigenvector matrix,
has rows that correspond to the left-eigenvector for the eigenvalue in the same row in A. These

also have known analytic forms for the Valencia formulation (Ibanez et al., 1999; Rezzolla &
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Zanotti, 2013), and are summarized here for reference. Using a similar component notation,

the left-eigenvectors associated with A+ in the i-th direction are

1) = (1= kA )Ty + (260 = 1) (W2l =T VL
1) = (1= Al )Ty + (20— 1) (W2 = Tyj0 )V (4.30)
i = (1= KAL) Ty + (2K = 1) (W2F — Tyl VL

( y

§, 09, 169, 169, 1), (4.31)

and the left-eigenvectors associated with the triply-degenerate A\ in the i-th direction are

0,1 0,2) (0,3) _
l(() ' =h-w, l(() = VikVk — VkkVj o™ = MV — ViV
0,1 ; 0,2 : 0,3 /
y = w, i = (%k“j _ijvk)vzv 5 = <7jj"’k _ij”j)vl’
l§0’1) — W, 53(-0’2) _ Bi%k 4 %’k;”k”i’ lj0,3) _ _RBi_ %_jvkvi’ (4.32)
0,1 0,2 : ; 0,3 : :
l](f ) - Wk, l]i S Vik Vv l,(f ) = By + 75050
(0,1) _ (0.2) _,(0.2) (0.3) _ ,(0.3)
01 _ W1 01 ,01) ,01) 0.1 (4.33)
C_1l0 1ot iyt T ~
1
102) = = [ 102402 02 4{0m], (4.34)
h¢
1
1(0.3) h_g[l(()o,za)’ l§0’3), l§0’3), li())o,?))’ 151073)}’ (4.35)
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where 7 is the determinant of the spatial metric, and

Uit = %5k — Ve Vi Uij = YWk = VijVeko - Vik = YijVie — Vi Viko
=Ty =i, A=nrPwe(k-1)(ci-cl), (4.36)

B'=1—-uvp', ChL=0v"—AL.

At times it will be necessary to renormalize the right-eigenvectors, e.g., for a barotropic
equation of state the parameter K in Eq. (4.28) is singular since ¢2 = (1/p)( dp/0e) , (Rezzolla
& Zanotti, 2013), and the left-eigenvectors are no longer given by the analytic expressions
in Eq. (4.31) and Eqns. (4.33)—(4.35). In these cases, the left-eigenvectors are obtained from

the numerical inverse of the renormalized right-eigenvector matrix.

4.2.2 Spatial Advection

In the finite-difference discretization, the evolved conserved fluid variables are represented by
the point-like values located at the cell-centers in the mesh. The spatial advection operator,
o5 FJ (U), is evaluated by the difference of the spatial fluxes approximated at the interfaces
of each cell. These interface fluxes are reconstructed from the characteristic projections
of the variables and their spatial fluxes. Typically, finite-difference methods applied to
hydrodynamics are unable to capture shocks that form in the solution without either using a
finite-volume type Riemann solver to approximate the interface fluxes, or by attempting to
smooth discontinuities by methods such as artificial viscosity. However, when evaluating the
spatial advection operator along the characteristic trajectories that the fluid evolves along,
shock and rarefaction waves that form in the solution can be resolved without relying on

more approximate methods.
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Following a similar method presented in Rezzolla & Zanotti (2013); Radice & Rezzolla
(2012); Radice et al. (2014), the right- and left-eigenvector matrices are first computed at

each interface using an average of the adjacent cells

-1 (4.37)

X
Il
Y
~~
=
+
—_
~
o
~—
i
I1l
ol

— 1
Uit1/2 = §(Uz’ + Ui+1>- (4.38)

Next, the cell-centered conserved variables U; and their spatial fluxes F; = Fj(UZ'), where
7 is limited to the range of the local reconstruction stencil S, are projected on to their

characteristic trajectories via the eigenvector matrices (Rezzolla & Zanotti, 2013)

w; = LU;, (4.39)

Q; = LF;. (4.40)

Then, a Lax-Friedrichs flux-splitting separates the characteristic fluxes into their rightward

(+) and leftward (-) components (Radice et al., 2014)
Q= Q; £ aW;, (4.41)
where the fastest characteristic speed in the stencil S is

a = max A\ EY. (4.42)
ieS 1!

A weighted essentially non-oscillatory (WENO) method directly reconstructs the split

characteristic fluxes at each interface. The specific reconstruction scheme here is based on
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the fifth-order method presented in Jiang & Shu (1996) and a symmetric variant presented
in Martin et al. (2006). Fifth-order WENO methods are commonly used for both finite-
volume and finite-difference discretizations in general relativistic hydrodynamics; see Mosta
et al. (2014) and Radice et al. (2014) for examples of each, respectively. In a finite-difference
discretization, WENO methods use weighted combinations of the reconstructed flux from
different stencils surrounding the interface. For fifth-order methods, each stencil consists
of three cells surrounding the interface that is being reconstructed. The standard method
presented in Jiang & Shu (1996) uses three sets of stencils biased in the upwind direction,
while the symmetric variant in Martin et al. (2006) adds a fourth stencil such that an equal
number of cells to the left- and right-sides of the interface are present in the combined overall
stencil.

The following is adapted from the symmetric method presented in Martin et al. (2006);
this also includes the standard method when working with the reduced set of stencils. Let

the full reconstruction stencil for the i 4+ 1/2 interface be

S = {Sop, S1, S9, S3}, 43)

Sp={i+k—2,i+k—1,i+k}.

The split characteristic fluxes at the cell-centers are then interpolated to the ¢+ 1/2 interface

over each stencil as

2
+ +
G =Yoo (4.44)
1=0

where aj; are the interpolating coefficients for the k-th stencil. The weighted approximations
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of the characteristic fluxes at the interface can then be found as

3
- _ +
Qi+1/2 - E :qulw (4.45)
k=0

where the weights w;. associated with each stencil are the non-oscillatory weights normalized

over all stencils

Wi

wp =3 —- (4.46)
leo wi
The non-oscillatory weights are defined as
C
k
= 4.47
“k ISy + €’ ( )

where € is a small-parameter to avoid division by zero, C}. are the optimal weights, and IS;.

are the oscillation indicators

2 /3 2
IS = Y (Z d’,;}QiLk+l_2> . (4.48)

m=1 \[=0

For the symmetric set of stencils used here, the final stencil S3 is fully downwind of the
i+1/2 interface, so the final stencil’s oscillation indicator is set to the maximum of all values

following the procedure in Martin et al. (2006)
IS5 = max IS;. (4.49)

0<k<3

The coefficients ay;, djj, and optimal weights C}, are from the fifth-order WENO-SYMOO
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scheme in Martin et al. (2006) and are provided here for reference:

1 7 11 1 3
3 "6 6 7 —2 3 b —2b b
1 5 1 1 1
— -1 0 b —2b b
6 6 3 2 2
w=| df; = ) h 42 = : (4.50)
11 7 1 5 3
| 6 6 3] -5 4 3] b =26 b
where b = 1/13/12, and
1 9 9 1
Cl ==, —, —, —|. 451
K {20’ 20" 20 20} (4:51)

The reconstructed split characteristic fluxes at the interfaces are then used to approximate

the unsplit characteristic flux as

Qit1/2 = QZ—':—I/Q T Qe (4.52)

Next, these are projected back to the spatial fluxes at the interface via the right-eigenvector

matrix

Fis1/2=RQi1/0. (4.53)

Finally, the spatial advection operator for the j-th direction is evaluated in the i-th cell by

using the reconstructed interface fluxes as

Fiv12 = Fic1)2
Az ’

9;F(U;) = (4.54)
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where Az is the width of the cell.

4.2.3 Recovering the Primitive Variables

Similarly to the neutrino moment evolution equations, the fluid evolution equations must
also be closed by specifying the pressure. While the pressure is readily obtained from an
equation of state p(p,€), the primitive variables necessary for evaluating the equation of
state and the evolution equations, such as the rest-mass density p, internal energy €, and
the fluid velocity v*, are not as straightforward to obtain. They must be inverted from the
conserved variables, Eq. (4.15), which is not a simple algebraic process in general relativistic
hydrodynamics like it is in its Newtonian formulation. The conserved-to-primitive conversion
is complicated by the presence of the Lorentz factor W, which leads to a highly non-linear
relation between these sets of variables. As such, the only effective means of recovering the
primitives is through numerical root-finding algorithms.

A one-dimensional root-finding procedure is used to recover the primitive variables,

V=4, (4.55)

from the conserved variables U in Eq. (4.15). This procedure is based on the method pre-
sented in Rezzolla & Zanotti (2013), and parametrizes the relation between the conserved

and primitive variables by the magnitude of the spatial projection of the fluid four-velocity

z= ,/’yijuiuj = Wo. (4.56)
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To recover the variables in V as a function of the parameter z requires the Lorentz factor

W, which can be found from z by using its definition W?2 = 1/(1 — v2) as

WP =Ww?-1 = W()=V1+22

Noting that D = pW, the rest-mass density is trivially obtained as

(4.57)

(4.58)

Next, the internal energy will require solving Eq. (4.2) for € and eliminating h and p in terms

of the conserved variables and z. It follows from Eq. (4.5) that

s S ,_ S

hD hD 2D’

!

2=
Using Eq. (4.4) in 7 = £ — D shows that

T=DhW-1)—p = p=DHLW-1)—-r1.
Finally, Eqns. (4.56)—(4.60) are used in Eq. (4.2) to express the internal energy as

E(Z)Zh———1:W(Z)[l+1]—Z——l.

88

(4.59)

(4.60)

(4.61)

(4.62)



Additionally, the fluid velocity is obtained from comparison of Eq. (4.59) to Eq. (4.56) as

0 (2) = = (4.63)

where h(z) results from using Eq. (4.58) and Equns. (4.61)-(4.62) in Eq. (4.2).
The value of z that holds for the previous relations must now be solved for numerically.

First, Eq. (4.59) is rewritten as the function

= 0. (4.64)

For bracketed root-finding methods, a tightly-bounded range of possible z values will increase
the convergence-rate of the solution. These bounds can be determined from the bounding
values of the the magnitude of the fluid velocity, which can be found from the ratio of S and

E=7+7D as

S phW 2y
k= = _ 4.65
T+D  phW?2—p (4.65)

The smallest value v can take occurs in the limit p/e = 1, while the largest value occurs

when p = 0. Using these in Eq. (4.65) leads to (Rezzolla & Zanotti, 2013)
1
Sh<v<k<l (4.66)
Using these limits in Eqns. (4.56)—(4.57) then leads to the valid range of z values
— <2< —. (4.67)
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This provides a tight bracket around the root of Eq. (4.64), which is then solved for using
the bracketed Brent method (Brent, 2002). From this obtained value of z and the conserved
variables U, all primitive variables V and the pressure can be found from Eqns. (4.57)—(4.63)

and the equation of state.
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Chapter 5

Dynamic Spacetime Evolution

In the presence of compact objects, such as black holes and neutron stars, the underlying ge-
ometry of spacetime can no longer be assumed to be flat. Newtonian and special-relativistic
treatments of the evolving neutrino radiation and fluid are not capable of fully capturing the
effects of a curved spacetime through the simplistic use of a gravitational potential. Only a
fully general relativistic description and treatment of the spacetime and its evolution equa-
tions are capable of fully capturing the effects of the spacetime’s curvature and the influence
of matter and energy on the spacetime. While stationary background spacetimes, such as
the exterior of a non-rotating stationary black hole, may be suitable for some scenarios, an
evolving spacetime will be necessary for studying neutron star mergers and the formation of
compact remnants in core-collapse supernovae.

An arbitrary spacetime is described by Einstein’s field equations of general relativity

(Misner et al., 2017; Baumgarte & Shapiro, 2010)

1
Rab — §gabR = 87TTab7 (51)

where T, is the stress-energy tensor accounting for all matter and energy, including the
contributions from both the fluid and neutrinos, g , is the spacetime metric, and the Ricci

tensor and scalar are

acb’

R=RC,. (5.3)
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Eqns. (5.2)-(5.3) describe the intrinsic curvature of the spacetime in terms of the Riemann

curvature tensor
Rabcd - acrabd — adrabc + Faecrebd — Faedrebc’ (54)

where I'%, _ are the Christoffel symbols defined in Eq. (C.12). Both Eq. (5.4) and the Christof-
fel symbols assume that the spacetime is described by a coordinate basis (which will always

be the case in this work). Taking the trace of Eq. (5.1) and using Eq. (5.3) also shows that
R= 8T, (5.5)

where T is the trace of the stress-energy tensor.

Directly solving Eq. (5.1) is far from practical. A common approach is to decompose the
spacetime into spacelike hypersurfaces at constant coordinate times, the so-called ‘3+1 split’
used in numerical relativity; see Baumgarte & Shapiro (2010) for a complete presentation
of this method, and refer to appendix C for an overview of the notation and concepts used
in this work. In this splitting, the lapse function « characterizes the distance between
the hypersurfaces in time, the shift vector 8¢ characterizes the spatial shift in coordinates
along the proper timelike direction from one hypersurface to the next, the spatial metric v,
measures distance in and projects on to the hypersurfaces, and the extrinsic curvature K,
describes the curvature of the hypersurfaces relative to the full spacetime manifold, such

that the invariant line element associated with the spacetime takes the form

ds? = gp Az dab = —a?de? + Vij (dxi + 8 dt) <dxj + 5 dt). (5.6)
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Applying this splitting to Eq. (5.1) leads to a set of evolution equations for the spatial
metric and extrinsic curvature, and the Hamiltonian and momentum constraint equations
for energy and momentum conservation, respectively. The resulting equations, first proposed
in Arnowitt et al. (1962), are referred to the Arnowitt, Deser and Misner (ADM) equations.
Unfortunately, they are of limited practical use: this formalism assumes that the Hamiltonian
and momentum constraints of the Einstein equations hold exactly, but outside of spherically
symmetric or axisymmetric spacetimes, this can lead to numerical instabilities due to nu-
merical errors causing violations of the constraints (Baumgarte & Shapiro, 2010). Instead,
fully-constrained formulations or constraint-damping schemes can be used to stably evolve
the spacetime. This chapter will describe two variations of a constraint-damping formalism
for evolving the spacetime alongside the fluid and neutrinos, and the code generation utility
developed to implement the resulting equations in numerical solvers. Their implementations

in Flash-X will be described later in chapter 6.

5.1 Mathematical Formalism

The elliptic form that the constraint equations take in the standard 341 splitting of Eq. (5.1)
proves challenging to stably solve numerically. The Z4 formulation of the Einstein equations
reduce the constraints to a more manageable system of first-order equations by introducing
a new four-vector field Z,, that when allowing for damping of constraint violations, puts
Eq. (5.1) into the form (Gundlach et al., 2005)

1
Rop, = 5900+ VaZy + VoZa = g Ve Z°

— K1 (naZb +nyZ% + ﬁggabnch) =38rT,, (5.7)
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where n, is a normal to the spacelike hypersurface, and k1,xk9 > 0 are constants that
determine the strength of the damping.

This section will present the two decompositions of the Z4 formulation used in this work:
the Z4c conformal decomposition as described in Bernuzzi & Hilditch (2010); Cao & Hilditch
(2012), and the CCZ4 conformal and covariant decomposition as described in Alic et al.

(2012); Radia et al. (2022). Both formulations will use the conformally-related variables

=173, (5:8)
Yij = XVij> (5.9)
A= X(Kij - %%‘jK)’ (5.10)

s (5.11)

0 =T"+2992;, (5.12)

where x is the conformal factor, 7, j is the conformally-related spatial metric, A, j is the
trace-free part of the conformally-related extrinsic curvature, © is the timelike projection of

the Z4 vector Z%, and I' is a modification to the conformally-related connection function
Py
It =47 szkw (5.13)

where I jk are the Christoffel symbols for the conformally-related spatial metric 7;; found
by using Eq. (5.9) in Eq. (C.12). The conformally-related quantities, indicated with a tilde,
are purely spatial, i.e., they are orthogonal to the hypersurface normal n%, and have indices

raised and lowered by the conformally-related spatial metric. The spatial metric and extrinsic
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curvature relate to these new variables as

1 1

The evolution and constraint equations will all make use of the Eulerian projections of the
full stress-energy tensor, including contributions from all matter and energy sources, i.e., not

just from the similarly-named fluid quantities,

& = ngny T, (5.16)
St = —~ ny T, (5.17)
S =iy, TV, (5.18)

With these variables, the Hamiltonian and momentum constraints,  and M¢, respectively,

take the forms (Radia et al., 2022)

9 L
H=R+ §K2 — A ;A — 167, (5.19)
M =505 (0. A, — L A, —TL A, —34,.0,1 20.K — 878 5.20
=7 (jki_ kitjl = b kil T z‘jk;HX>—§i — oMo, (5.20)

Two additional algebraic constraints also follow from the definitions of the conformally-

related spatial metric and trace-free extrinsic curvature:

§94;; =0. (5.22)
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The remainder of this section will present the two different Z4 formulations and the
slicing and gauge conditions used in this work. Both formulations will define their evolution

equations using the operator
8y = 8, — %0y, (5.23)

which acts as the time-derivative in the direction of the hypersurface normal n®. Covariant
derivatives with respect to the spatial metrics will be computed as

D;x’, = o,x7, +17 X!, T, X7, (5.24)

7

DX, =0, X7, +17 X, T, X7, (5.25)

for some arbitrary tensor X J i Where X jk are the Christoffel symbols of the conformally-
related spatial metric found from using Eq. (5.9) in Eq. (C.12). Additionally, both formula-
tions will also make use of trace-free components of various rank-two tensors; these quantities
will be denoted by the superscript “tf” and represent the operations, again for an arbitrary

rank-two tensor X, j and its conformally-related counterpart,

f 1 K
~ ~ 1 ~
f ~ ~
Xi=X;; - 37%ij ('Vlekl)' (5.27)

5.1.1 Z4c

The Z4c formulation results from the conformal 3+1 decomposition of the Z4 system in

Eq. (5.7) while discarding non-primary non-damping terms, and is based on the formulations
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presented in Bernuzzi & Hilditch (2010); Cao & Hilditch (2012). This formulation directly

O, and T., as well as the modified trace of the

evolves the conformally-related x, ¥; i A 0>

ij>

extrinsic curvature
K=K —20. (5.28)
The evolution equations for these variables are

27 (7 k
80X—§[Q(K+2®) — 9,8 ] (5.29)
) — ] 2
iy = —20 5 +51,0;8° +7;,;0,8" — g'yijakﬂk, (5.30)

. o 1/ 4 2
801(:_Dkaa+a[AJ’fAjk+§<K+2@> +51(1+n2)@] +4ra(E+S), (5.31)

-~ tf N - - .
00y = x|~DiDjo+ o Ry - 878;;)| + o (K +20) 4;; - 2344, 4
~ ~ 2 -
+ Akz‘ajﬁk + Akjazﬂk - §Aijak/6ka (5.32)
90 = - A A0 4 2 (i 1 20) £ G
00 = sa|R = AyAl + (K +2 )" = 167€ — 261 (1 + 2)0)| (5.33)

~ - . ~ 3 1 _ .. R - .. s
aO:FZ =2« |:FZ.]]CA.]]€ — 533 th — g/yzjaj <K + 2@) — K1 (Fl - FZ) - 87T’72]Sj:|

o 2. y S 1
—24Y0;0 + 51", BF —T90,8" +47%0,0,8" + 5770;0, gF, (5.34)

where § = %-J-Sij.

The Ricci tensor is separated into terms proportional to the derivatives of the conformal

factor and the derivatives of the conformally-related spatial metric, R;(j and Rz it respectively,
as
_ pX B
R’L] RZ] + Rz]7 (535)
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where

LD Dov 45,58 D [ 1 "
szjzﬁ[DiDjX*%ﬂ DszX} —@[@X@jmﬂwﬂ aanzX] (5.36)
? 17 rk 4 5 rk _ ;kl ~ Sk (T =
+5m [fklzfjkm + fkljfikm + fkimfklj] : (5.37)
5.1.2 CCZ4

The CCZ4 formulation similarly results from the conformal 341 decomposition of Eq. (5.7),
but unlike Z4c, its evolution equations remain fully-covariant (Alic et al., 2012). This section
will describe a CCZ4 formulation based on the one presented in Radia et al. (2022). Similarly

to Z4c, this formulation also evolves the conformally-related x, 7; ' A,

i O, and fi? but

instead directly evolves K, the trace of the extrinsic curvature. The evolution equations
presented here, which are based on the ones in Radia et al. (2022), differ from the original
formulation in Alic et al. (2012) primarily by the modification of the Ricci tensor and scalar
to absorb terms proportional to the covariant derivatives of Z! that appear in the CCZ4
equations. This modification allows the conformally-related Ricci tensor to be written in
terms of the evolved I and its derivatives, instead of the connection functions I,

5 » Z

where Rz’j and Rgz- are still defined as in Eqns. (5.37)-(5.36), and

zk i i
RiZj T2 (%’kan + V10X — %‘jakX>, (5.39)
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where Zt = Via Z% is the spatially-projected Z4 vector.
The evolution equations for the conformal factor and the conformally-related metric are
exactly the same as their Z4c equations in Eqns. (5.29)-(5.30). The new evolution equation

for CCZ4 are

Oy K = —Dka,oz +a [R + K(K —20) —3ar(1+ /{2)@] + 4w (S — 3€) (5.40)
_ . tf _ TP
7 ki k25 k
+ Ay 058" + A0 87 — 34;50,5%, (5.41)

1 [~ + 2 2
2 .. A N zk , 9 A
80" = 20,85 [ T + 23— _3 TF 4 2k3=— |0, 8| — 20| SK + k1 | =
3 X 2 X X

3
4 . iy iy L g
— a{gfywﬁjl( +3A4Y9;In X} —2AY0;a + ZaFijAjk — 16ma"S;

+ 274 [aaj@ — @8]-04] + ”y]kaj O 8" + §7Uaj 3k5k7 (5.43)

where k3 is an additional constant not present in the Z4c equations, and determines the full
covariance of the evolution equations. Setting kg = 1 results in a fully-covariant system, but
this can lead to numerical instabilities when there is non-linear coupling between the various
damping terms; these effects can be present in black hole spacetimes, where it is beneficial
to set k3 = 1/2 (Alic et al., 2012). Alternatively, the replacement ari — k1 permits stable

evolution of black hole spacetimes when setting k3 = 1 (Radia et al., 2022).

5.1.3 Slicing and Gauge Conditions

The choice of slicing and gauge conditions determine the evolution of the lapse and shift. At

present, both formulations make use of the moving puncture gauge conditions, which are a
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combination of ‘1+log’ slicing for the lapse and a hyperbolic I'-driver shift, and are given in

Baumgarte & Shapiro (2010) as

Jpor = —2aK, (5.44)
i _ 3 pi

0y " = ZB ; (5.45)

dyB' = §,T" — nB", (5.46)

where 7 is a damping parameter; for spacetimes outside of a compact object of mass M, this
parameter will be of the order n = O(1/(2M)). Different variations of these gauge conditions,
e.g., a harmonic lapse slicing and a non-hyperbolic I'-driver shift presented in Cao & Hilditch
(2012), can also be used alongside the different Z4 formulations, but Eqns. (5.44)—(5.46) will

prove useful in testing these formulations in vacuum and black hole spacetimes.

5.2 Numerical Methods

For use in the description of the numerical methods applied to the Z4 formulations in the

preceding section, the evolution equations will be written in the form
OV — 50,V = E(V, oV, aiajv>, (5.47)
where the vector of evolved variables is

A o~ A . AT
|:X75/Z'j7K7AZ'j7®7F2aa7/BZ7Bli| (Z4C)

V= (5.48)

~ ~ - . AT
[X”?Z'j’K’ Ai]W@vFZ?a/aﬁZaBl] (CCZ4)
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The function E represents the the right-hand sides of the either the Z4c or CCZ4 evolution
equations (omitted here for brevity) and contains an explicit dependence on the evolved
variables and their spatial first- and second-derivatives.

Both the Z4c and CCZ4 formulations utilize a finite-difference spatial discretization. For
compatibility with the neutrino radiation and hydrodynamics solvers described in chapters 3—
4 and the mesh structures available in Flash-X, the evolved metric and curvature variables
are located at the cell-centers. All derivatives in the right-hand side function E use centered

fourth-order accurate differences of the form

0,V ~D;V, (5.49)

0;0;V ~ DV, (5.50)

where the difference operators are are generated with the Python package SymPy (Meurer

et al., 2017) and take the forms

Vi—9g =8V 1 +8Viy1 — Viyo

D,V = . 5.51
' 12Az? ’ (5:51)
and
-V, _94+16V;_1 —30V; +16V;11 — V12 iy
D;;V = 12(A$Z) 7 (5.52)
D,D,;V i # ]

where the i # j case represents the consecutive applications of the first-derivative difference

operator along each direction. The advective derivatives along the shift utilize an upwind-
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biased derivative for stability (Cao & Hilditch, 2012; Radia et al., 2022)

B0,V ~ p/DIV,
—3V,;,_1 —10V; +18V;11 —6V,;49 + Vi3

J —V,_3+6V,_o—18V,;_1 +10V; + 3V, ﬁj <0
12A27

Similarly to the hydrodynamics solver described in chapter 4, both the Z4c and CCZ4
implementations make use of a method-of-lines time discretization and the fourth-order
accurate Runge-Kutta explicit method. When using an implicit-explicit (IMEX) method for
integrating the neutrino moment evolution equations, a fourth-order accurate IMEX method
will be necessary. Asis common practice in numerical relativity, the time-derivative operators
are modified to include Kreiss-Oliger dissipation (Baumgarte & Shapiro, 2010; Rezzolla &
Zanotti, 2013). Following the methods used in Cao & Hilditch (2012); Radia et al. (2022),

sixth-order dissipation is added by re-defining the time-derivative operator as

6V,_2+15V;_1 —20V; +15V,;;1 —6V,;11 + Vi3
64Ax!

V., a—
@tV — 8tV — 0 E =3 y (554)
7

where o is a constant specifying the strength of the dissipation. This change is not made
at the level of the time-integrator, but is accounted for by adding the dissipation term in to

the evaluation of the right-hand sides of the evolution equations.

5.3 Code Generation

Implementing the evolution equations for either the Z4c or CCZ4 formulations is far from a

straightforward exercise. Evaluation of the evolution equations and the derived, composite
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quantities, such as the Ricci tensor, require copious amounts of tensor algebra. Manual
translation of the symbolic forms of the evolution equations presented in this chapter into
component-wise equations and operations in any programming language suitable for large-
scale numerical simulations is as error prone as it is tedious.

A common approach in numerical relativity is the use of code generators to translate these
symbolic expressions into usable code. A number of code generation packages exist, typically
targeted at specific numerical relativity codes, with some recent examples being NRPy+ for
the Einstein Toolkit (Ruchlin et al., 2018), and STvAR for AMReX-based codes (Peterson
et al., 2023). While these code-generators work well alongside their intended target codes,
the utilities and assumptions specific to their respective codes are not directly adaptable
elsewhere. This section will describe a set of code generation utilities that originally began
as an extension of STvAR for use in Flash-X to produce Fortran code, but subsequently
underwent a complete re-design to facilitate use and re-usability, and improve the quality
and readability of the generated Fortran code.

The new code generation capabilities aim to extend existing capabilities in the open-
source symbolic algebra Python package SymPy (Meurer et al., 2017). SymPy includes a robust
tensor algebra module (sympy.tensor.tensor) that unfortunately is not compatible with
its existing code generation and printing utilities. Due to this limitation, modules and data
structures compatible with the existing SymPy code generation utilities, e.g. IndexedBase,
are typically used directly in loop-based calculations of tensorial equations. The approach
taken here will instead connect SymPy’s symbolic tensor algebra and code generation capa-
bilities. Extensions to the symbolic tensor algebra module will provide replacement rules for
converting symbolic tensorial expressions into sets of data-types and expressions compati-

ble with the abstract syntax tree nodes used by the code generation and -printing utilities.
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New and updated abstract syntax tree nodes will then automate the application of these

replacement rules when used in an updated modern Fortran code printer.

5.3.1 Symbolic Tensor Algebra

In SymPy’s symbolic tensor algebra module, symbolic tensors and their indices are represented
by the TensorHead and TensorIndex data-types, respectively. These are then used to form
three types of symbolic expressions: indexed expressions representing a specific tensor, and
expressions for addition and products of other expressions. These allow for translating tensor
equations directly into tensor expressions by making use of an Einstein summation notation.

Code snippet 5.1 provides an example of this procedure by constructing a symbolic tensor
expression for the trace of the extrinsic curvature, K = vij K, i Both the tensors and their
indices rely on the specification of a TensorIndexType to match the defined tensor indices
to the tensor “slots” they can be used in. Additionally, each tensor is constructed as fully-
symmetric by providing a TensorSymmetry object. The final line demonstrates two types
of tensor expressions: the indexed expressions gamma(i,j) and K(-i,-j), and the product
expression of these two indexed expressions. In this notation, i,j represent contravariant
(raised) indices, and -i,-j represent covariant (lowered) indices. This expression assumes
these indices are fully-contracted such that the overall product results in a scalar expression.

The individual and composite tensor expressions only specify the tensors and operations
involved, but do not specialize to a specific basis, dimension, or values until they are eval-
uated. This evaluation occurs by applying replacement rules to indexed tensor expressions
with arrays containing values or other symbolic expressions that represent individual ten-
sor components. The replacement array must be of the same rank as the target indexed

tensor expression, and the array’s dimensions will determine the tensor’s dimensions. This
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# A basic type for all tensor indices
spatial = TensorIndexType("spatial')

# Symmetry specification for a fully symmetric rank-2 tensor
sym = TensorSymmetry.fully_symmetric(2)

# Symbolic tensor indices
i = TensorIndex("i", spatial)
j = TensorIndex("j", spatial)

# Spatial metric and extrinsic curvature tensors
gamma = TensorHead('"gamma", [spatiall*2, sym)
K TensorHead ("K", [spatiall*2, sym)

traceK = gamma(i,j)*K(-i,-j)

Code Snippet 5.1: Example symbolic tensor expressions using sympy.tensor.tensor

process is demonstrated in code snippet 5.2 by evaluating the Eulerian decomposition of
the fluid four-velocity in terms of two symbolic tensors for the fluid velocity v® and hyper-
surface normal n?, and the scalar Lorentz factor W represented by a SymPy Symbol object.
The replacement rules are provided as a Python dictionary associating each indexed tensor
expression with a list of symbols for each component.

While these symbolic tensor expressions provide a powerful set of tools for evaluating
tensorial equations, there are a few limitations that complicate their use in code generation.
Each tensor object can be indexed with either raised or lowered indices, e.g., n(a) and n(-a).
This requires either separate replacement rules for each possible index configuration, or the
association of a metric with the underlying index types. The former option is error-prone
as each possible index configuration must be manually specified, which can become increas-
ingly convoluted for higher-rank tensors. The latter option unfortunately only works well
with simple analytic metric, e.g., Minkowski or Schwarzschild, while more generic metrics,

e.g., ones with just named symbols for components representing their evolved values, do
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# Index type for the four-vectors
spacetime = TensorIndexType('"spacetime")

# Symbolic index
a = TensorIndex("a", spacetime)

# Fluid velocity and normal vectors
= TensorHead("v", [spacetime])
n = TensorHead("n", [spacetime])

<

# Lorentz factor
W = Symbol("W")

# Eulerian decomposition of the four-velocity
u = Wx(n(a) + v(a))

# Evaluate by replacing tensor components with SymPy Symbol objects
u.replace_with_arrays({

n(a): symbols("nt,nx,ny,nz"),

v(a): symbols("vt,vx,vy,vz")

i)

# Produces a list with scalar expressions for each component
[ Wx(nt + vt), Wx(nx + vx), Wkx(ny + vy), Wx(nz + vz) ]

Code Snippet 5.2: Evaluating symbolic tensor expressions with sympy.tensor.tensor

not efficiently work with the internal inversion and contractions performed when evaluating
tensor expressions. Another limitation is a lack of symbolic operators compatible with the
tensor expressions. SymPy only provides one operator, PartialDerivative, that cannot
directly be replaced (only its operands can), and can only be evaluated analytically, e.g.,
provided v,, = 2 it will be able to evaluate Or799 = 2r. The remainder of this section will
describe extensions to SymPy’s symbolic tensor algebra capabilities that improve on these
limitations.

As previously mentioned, manually providing replacement rules for all possible index

configurations can become increasingly complex, particularly when dealing with the large
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systems of equations present in numerical relativity. This can become even more complex
when multiple representations are necessary, e.g., when a tensor component needs a scalar
and grid variable representation in the final generated code. To reduce this complexity, this
work extends TensorHead to generate a series of replacement rules based on the provided
tensor name, symmetries, and index configuration. These replacement rules use an Indexed
object formed from an IndexedBase, representing the tensor and its index configuration, and
series of symbolic integers, representing specific components of the tensor. The index config-
uration, which will be specific to and enforced for each tensor, is included in the IndexedBase
with a sequence of L and U characters for covariant (lower) and contravariant (upper) index
slots, respectively. Since this is targeted at numerical relativity, tensors will all be consid-
ered four-dimensional, with an optional spatial-only flag that produces only non-zero spatial
components. This new functionality is included in a new derived class SymbolicTensor that
inherits the full tensor expression capabilities of TensorHead. Code snippet 5.3 provides an
example of using SymbolicTensor to generate a TensorHead and its replacement rules for
the spatial Christoffel symbols I ik these replacement rules produce Indexed objects for
each component that represent a compact form that reduces the symmetric index slots to a
single rank representing only the unique components.

Each symbolic tensor will also generate a set of replacement rules in terms of grid vari-
ables, i.e., when individual components of a tensor are stored in a larger data structure
representing potentially many variables located on a computational grid. The naming rules
used for the local variable names will be applied to a named integer constant used to index
the grid data structure. To facilitate their use within loops over the grid, these replacement
rules will additionally take a set of grid indices that can either take specific numeric values

or represent an integer variable used as a loop counter. All grid-variable replacement rules
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# Spatial index type
spatial = TensorIndexType("spatial')

# Tensor indices
i,j,k = tensor_indices("i,j,k", spatial)

# New wrapper around TensorSymmetry to aid in replacement-rule generation
# This example specifies that the 1,2 slots (out of 0,1,2) are symmetric
sym = Symmetries(Symmetric([1,2]))

# Christoffel symbol Gamma™i_jk
Gamma_ull = SymbolicTensor(
"Gamma", [Contravariant,Covariant,Covariant], sym, spatial=True

)

# Apply the replacement rules
Gamma_ull(i,-j,-k).replace_with_arrays(Gamma_ull.repl)

# Produces the list (where X..Z and XX..ZZ are integer symbols)
# The underlying array that each component belongs to will
# be in a compact form as determined by the tenor's symmetry,
# i.e its shape will be (X:Z, XX:ZZ)
[[[ Gamma ULL(X,XX), Gamma_ULL(X,XY), Gamma_ULL(X,XZ) 1,

[ Gamma_ULL(X,XY), Gamma_ULL(X,YY), Gamma_ULL(X,YZ) 1,

[ Gamma ULL(X,XZ), Gamma_ULL(X,YZ), Gamma ULL(X,ZZ) 1],

[[ Gamma_ULL(Z,XX), Gamma_ULL(Z,XY), Gamma_ULL(Z,XZ) 1,
[ Gamma_ULL(Z,XY), Gamma_ULL(Z,YY), Gamma_ULL(Z,YZ) 1],
[ Gamma ULL(Z,XZ), Gamma ULL(Z,YZ), Gamma_ULL(Z,ZZ) ]]]

Code Snippet 5.3: Automatic replacement rule generation with SymbolicTensor

also can specify prefixes and suffixes to allow for compatibility with naming conventions in
the targeted code. See code snippet 5.4 for an example of the grid-variable replacement rules
again applied to the Christoffel symbols r ik A similar SymbolicScalar extends Symbol to
also include the generation of grid-variable replacement rules for scalar symbols.
With the large number of different types of derivative operators in the Z4c and CCZ4

equations, manually creating symbolic tensors for each tensor and all of its different deriva-

108




# Gamma_ull previously defined as Christoffel symbol

# Grid dimensions
NVAR,NX,NY,NZ = symbols("NVAR,NX,NY,NZ", integer=True)

# Grid indices
inds = symbols("I,J,K", integer=True)

# Represent array of grid variable data as an IndexedBase
vars = IndexedBase("vars", shape=(NVAR,NX,NY,NZ))

# Apply the grid replacement rules
Gamma_ull(i,-j,-k).replace_with_arrays(

Gamma_ull.as_grid_repl(vars, inds, suffix="_VAR"))

# Produces the list of grid variables

[[[ vars(GAMMA_ULL_XXX_VAR, I, J, K), ... 1,
[ vars(GAMMA_ULL_XXY_VAR, I, J, K), ... 1,
[ vars(GAMMA_ULL_XXZ_VAR, I, J, K), ... 11,
[[ vars(GAMMA_ULL_ZXX_VAR, I, J, K), ... 1,
[ vars(GAMMA_ULL_ZXY_VAR, I, J, K), ... 1,
[ vars(GAMMA_ULL_ZXZ_VAR, I, J, K), ... 111

Code Snippet 5.4: Automatic replacement rule generation with SymbolicTensor for named
variable indices in a grid data structure.

tives would be incredibly cumbersome. A new TensorOperator class alleviates these re-
dundancies by inlining the creation of new SymbolicTensor objects and expressions with
updated names and ranks. For example, a partial derivative operator applied to the spatial
metric, i.e., 9,7, i will produce a new set of replacement rules for a rank-three tensor and
prepend the operator name to the tensor’s base name. This procedure is demonstrated in
code snippet 5.5 for the non-inline application of a tensor operator to emphasize the necessary
steps and the creation of the new symbolic tensor expression.

Additional utilities for working with symbolic tensors are also included. Common linear

algebra operations such as taking the determinants and inverse of rank-2 tensors, are special-

109



# Spatial index type
spatial = TensorIndexType("spatial')

# Tensor indices
i,j,k = tensor_indices("i,j,k", spatial)

# Fully symmetric in first two indices
sym = Symmetries(Symmetric([0,1]))

# Spatial metric gamma_ij
gamma_11 = SymbolicTensor("gamma", [Covariant]*2, sym, spatial=True)

# Spatial derivative operator
d = TensorOperator("d", [Covariant], spatial=True)

# Apply the operator (this can also be done inline in an expression
# or during application of the replacement rules)
dgamma_111 = d(gamma_11(-i,-j), k)

# Apply the replacement rules
dgamma_111.replace_with_arrays(dgamma_111.repl)

# Produces the list representing the metrics derivatives
[[[ dgamma_LLL(XX,X), dgamma_LLL(XX,Y), dgamma LLL(XX,Z) 1],
[ dgamma_LLL(XY,X), dgamma_LLL(XY,Y), dgamma_LLL(XY,Z) 1,
[ dgamma_LLL(XZ,X), dgamma_LLL(XZ,Y), dgamma_LLL(XZ,Z) 11,
[[ dgamma_LLL(XZ,X), dgamma_LLL(XZ,Y), dgamma_LLL(XZ,Z) ],
dgamma_LLL(YZ,X), dgamma_LLL(YZ,Y), dgamma_LLL(YZ,Z) 1],
[ dgamma_LLL(ZZ,X), dgamma_LLL(ZZ,Y), dgamma_LLL(ZZ,Z) 111

Code Snippet 5.5: Applying a TensorOperator to a SymbolicTensor to generate new re-

placement rules.

ized to take an input symbolic tensor and generate expressions based on the associated re-

placement rules. Finite-difference weights are generated with SymPy’s finite diff weights

utility, and then used to create finite-difference operators of arbitrary orders, directions and

accuracies. These operators allow the accuracy and bias of the first- and second-order deriva-

tives, as well as the Kreiss-Oliger dissipation terms, to easily be changed when generating
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the subroutines for calculating both the right-hand sides for the Z4c and CCZ4 evolution

and constraint equations.

5.3.2 Code Printing

SymPy provides robust code generation and printing utilities that can take certain symbolic
expressions and automatically transform them into usable lines of code for a target program-
ming language. The code generators and printers both utilize an abstract syntax tree (AST)
that represents features common in most programming languages, such as arithmetic oper-
ations and assignments. The general ASTs are also augmented by language-specific nodes
representing language-specific constructs, data-types, and library functions. SymPy expres-
sions make use of a similar tree structure, and in most cases can be automatically parsed
into a set of AST nodes for use in code generation.

Unfortunately, not all data-types and expressions are compatible with the ASTs and code
generation utilities. Simple expressions containing Symbol, Indexed, and similar objects are
supported directly in all code generators and printers, but there is no built-in support for
the symbolic tensor expressions. Additionally, while some languages’ code generators and
printers are well maintained and supported, such as those targeting C and C++, others
contain a hodgepodge of dated usage and formatting assumptions alongside a smattering
of modern features, such as the ones for Fortran. Since Fortran is the target language for
implementing the Z4c and CCZ4 equations in Flash-X, these concerns will be addressed
alongside updates to the AST to support symbolic tensor expressions.

The replacement rules for symbolic tensor expressions presented in the previous section
all make use of code generation compatible data-types, specifically by using Symbol and

Indexed objects. Once these replacements are applied, each element in the resulting arrays is
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an expression that can directly be converted into a series of AST nodes. In all practical cases,
these expressions will be evaluated for assignment operations, which are represented by the
Assignment AST node. Two new AST nodes, ScalarAssignment and TensorAssignment,
eliminate the need to manually create these nodes for each component of a tensor expression.
Each of these directly take the left- and right-hand sides of a symbolic tensor expression,
automate the application of the replacement rules, and generate a set of Assignment nodes
for the unique components. TensorAssignment nodes can either take indexed or non-indexed
expressions; the latter will produce elemental array operations and assignments in Fortran.

As this code generator is aimed at producing Fortran code, a number of new Fortran-
specific AST nodes have been added. The ScalarDeclaration and TensorDeclaration
nodes provide simple ways of adding variable declarations for the new symbolic types. New
attributes such as target and optional are included for variable declarations; previously
only intent, dimension, parameter, and allocatable were supported. ConditionalBlock
nodes provide a flexible way for adding multi-part conditional statements that are not easily
represented by the Piecewise construct. SymPy’s Fortran code printer produces merge(. . .)
statements for piecewise expressions when using standards more recent than Fortran77; the
merge intrinsic function is intended for masked array assignments (Metcalf et al., 2018) and
can be an inefficient option when the desired outcome is that only one case is evaluated,
as both the true and false cases will be evaluated as inputs to merge. A NestedDo node
simplifies the creation and formatting of nested do loops. New pre-processor nodes and
tokens for #include, #define, and #if...#else...#endif blocks are introduced; these
are used extensively in Flash-X for conditionally compiling code based on the chosen spatial
dimension. CodeBlock nodes are extended to include an optional comment-string to prepend

to the block for enhanced readability and formatting.
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These features are all collectively used in a new ExtendedSubroutine node that facil-
itates creating new procedures by separately accepting input parameters, use statements,
declarations, and the body of the procedure. The standard Subroutine node only accepted
basic SymPy types as input parameters and placed them immediately prior to the body of
the subroutine without allowing for implicit none or use statements. This new node also
parses all included tensor and scalar assignment blocks for all variable names, categorizes
them by type and dimension, and creates declarations (sorted by type and dimension) for
variables with no provided declarations. This greatly simplifies and reduces potential error
in declaring all locally-used intermediate variables in longer sets of calculations.

A new Fortran code printer, ModernFCodePrinter derives functionality from SymPy’s
FCodePrinter, updates formatting rules, and adds support for the new AST nodes. Dated
conventions in the previous code printer are removed, such as the non-standard-conforming
type specification real*8. The basic formatting and line-wrapping rules were updated to
produce more-readable output code. Previously, lines were wrapped at the first encountered
word-boundary or operator, and continued at a fixed indentation on subsequent lines. For
some of the longer equations present in the spacetime solvers, this produced code that was
incredibly hard to inspect for correctness. A new set of rules now seeks to wrap lines at the
boundary of a set of terms, and when possible avoids breaking a line inside of an innermost set
of parentheses in an effort to keep array indices together on the same line. Line continuations
made for assignments and declarations will now align to the start of the right-hand side in
the first line of the statement to improve readability. For the previously stated concerns, the
use of merge was also removed for Piecewise input. For better compatibility with Flash-X,
floating-point literals are now no longer expressed in a X.YdZ format; Flash-X requires use

of real and X.YeZ notation and sets the default real type at compile time (defaults to
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double-precision).

The new AST nodes and code printing capabilities are demonstrated in code snippets 5.6—
5.7. These examples illustrate the creation of a subroutine for removing the trace from a
rank-two tensor as shown in Eq. (5.26). In code snippet 5.6, the input and output tensor are
defined and added as parameters of the subroutine. A use statement for a tensor_indexing
module is added next; this module is assumed to define the named integer constants repre-
senting the numeric values of the array indices present in the tensor expression replacement
rules. The body of the subroutine includes an indexed expression for the trace of the tensor,
and a non-indexed expression removing this trace in the output tensor. Finally, this sub-
routine is passed to the Fortran code printer for parsing and formatting. Trace and Inv are
specialized TensorOperator objects; Trace produces a SymbolicScalar representing the
trace of the tensor, while Inv produces a SymbolicTensor for the provided tensor’s inverse
by flipping its index configuration.

The generated code is displayed in code snippet 5.7. The code printer generates the
argument list in the provided order of the input and output variable declarations. Parsing
of the subroutine’s body identifies one locally-used intermediate variable that no declaration
was provided for, trX, and generates the necessary variable declaration. The first assignment
illustrates the output form of an indexed symbolic tensor expression and demonstrates the
new line wrapping and indentation rules. The final assignment shows the elemental array

operation and assignment generated by the non-indexed symbolic tensor expression.
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# Tensor indices
i, j = tensor_indices("i,j", spatial)

# Symmetric in first two ranks
sym = Symmetries(Symmetric(0, 1))

# Input/Output tensors
X_11 = SymbolicTensor("X", [Covariant]*2, sym, spatial=True)

gam_11 = SymbolicTensor('"gam", [Covariant]*2, sym, spatial=True)
gam_uu = Inv(gam_11)

# Create the subroutine
subroutine = ExtendedSubroutine("remove_trace",
# Input/output parameters
params_decls = [
TensorDeclaration(X_11, real, [intent_inout]),
TensorDeclaration(gam_11, real, [intent_in]),
TensorDeclaration(gam_uu, real, [intent_in]),

1,

# Module defining integer tensor indices
uses = [use("tensor_indexing")],

# Body of the subroutine

body = [
ScalarAssignment (
Trace(X_11), # LHS

gam_uu(i, j) * X_11(-i, -j), # RHS
comment="Trace of X"

),

TensorAssignment (
X_11, # LHS
X_11 - Rational(l, 3) * gam_11 * Trace(X_11), # RHS
comment="Remove trace from X",

),

# Print the subroutine
print (fortrancode (subroutine))

Code Snippet 5.6: Generating a subroutine for a symbolic tensor expression
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subroutine remove_trace(X_LL, gam_LL, gam_UU)
use tensor_indexing

implicit none

real, dimension(XX:ZZ), intent(inout) :: X_LL

real, dimension(XX:ZZ), intent(in) :: gam_LL
real, dimension(XX:ZZ), intent(in) :: gam_UU
real :: trX

I Trace of X

trX = X_LL(XX)*gam_UU(XX) + 2*X_LL(XY)*gam UU(XY) + &
2xX_LL(XZ)*gam_UU(XZ) + X_LL(YY)*gam_UU(YY) + &
2xX_LL(YZ)*gam_UU(YZ) + X_LL(ZZ)*gam_UU(ZZ)

I Remove trace from X
X_LL = -(1.0/3.0)*trX*gam_LL + X_LL
end subroutine remove_trace

Code Snippet 5.7: Formatted Fortran output produced by code snippet 5.6
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Chapter 6

General Relativistic Solvers in Flash-X

The general relativistic solvers presented in chapters 3—-5 are each implemented in Flash-X,
a composable multi-physics software framework ideally suited for large-scale simulation of
astrophysical events (Dubey et al., 2022). The architecture of Flash-X readily enables the
addition of new physics and numerical methods modules, and provides access to many nu-
merical capabilities, such as adaptive mesh refinement, and utilities, such as parallel input-
output (I/0). A custom build system offers flexibility in composing simulations by includ-
ing different implementations of physics, numerical, and utility modules accessible through
commonly-defined interfaces.

This chapter will describe the implementation and testing of the general relativistic
solvers and their supporting modules. The radiation transport module GRM1 implements
the neutrino M1 formulation in chapter 3. The hydrodynamics module GRFD implements
the high-order finite-difference method presented in chapter 4. The new Spacetime physics
module implements the Z4c and CCZ4 formulations using the code-generator as presented
in chapter 5. A new time integration module provides a method-of-lines discretization as
an alternative to the operator-split method that delegated time-integration responsibility to
each physics solver.

To the extent that it is possible, the implementation of each solver is designed to sep-
arate the physics, numerical methods, and runtime controls. This mimics the model-view-
controller and delegation design patterns (see Gamma et al. (1995) for more information on
these and other design patterns). Runtime controls interact directly with Flash-X and serve

as the entry points into the solvers for various tasks. These controls orchestrate and dele-
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gate responsibility to the numerical methods to perform calculations. In turn, the numerical
methods rely on specific physics calculations. Each level of this design is made as agnostic to
the others as much as possible. This facilitates adding, removing, updating, and debugging
individual features by isolating specific sets of functionality to separate pieces of the code.
This modular design also provides increased adaptability, e.g., the neutrino finite-volume
and finite-difference discretization implementations can be swapped with one another while

still using the same runtime controls and physics implementations.

6.1 Time Integration

The TimeAdvance module in Flash-X manages the evolution of a simulation. Previously,
this module only implemented an operator-split method that consecutively passed control
to each physics module to perform a single full time-step update. In this method, an update

from the n-th to (n + 1)-th time-step of size At takes the form

Vﬁ;lzghy@n,At,Vﬁy, n gp,...),
VI = Gt AL VL VI VE ), (6.1)

v = g, (tn, At, Vﬁ;”, Vil v )

where t,, is the time at the start of the time-step, and V and G are the variables and
their update functions, respectively, with each solver denoted by the subscripts “hy” for
hydrodynamics, “rt” for radiation transport, and “sp” for spacetime. The variables V are
not necessarily the evolved variables, e.g., in the non-relativistic hydrodynamics solvers in
Flash-X, only the primitive fluid variables are tracked, and the update functions are assumed

to provide the updated primitive variables at the new time-step. While this operator-split
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method has worked well for non-relativistic problems and solvers that are not tightly-coupled
together, the mixed time-levels have led to numerical instabilities when applied to coupled
hydrodynamics and spacetime solvers in an earlier version of FLASH (Pajkos, 2022).

As an alternative to the operator-split method, the new method-of-lines (MoL) time-
integrator instead assumes the combined system of all solvers’ evolution equations takes the

form

04U = Fry(t,U) + Fo(t,U) + Fop(t, U) + . .., (6.2)

where U represents the combined evolved variables from all solvers, and the F terms repre-
sent the right-hand sides (RHSs) of the evolution equations for each solver (as denoted by
their subscripts). The MoL time-integrator provides separate explicit Runge-Kutta (ERK),
implicit-explicit (IMEX), and multi-rate (MR) methods for discretizing Eq. (6.2).

This section will present each of these methods as used in the MoL time-integrator. All
methods will describe a multi-stage process for updating the evolved variables U" at a time

tn to their values Ut at a time tn+1 = tn + At, where At is the size of the time-step.

6.1.1 Explicit Runge-Kutta

Explicit time-integration methods compute intermediate and final states exclusively in terms
of the current known state of the evolved variables. The time-integrator uses multi-stage
methods based on the Runge-Kutta (RK) method (Runge, 1895; Kutta, 1901) described by

a Butcher tableau (Butcher, 1963)

, (6.3)
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where the superscript “E” denotes these are for explicit methods, the matrix AP with ele-
ments a% provides the weights for determining the intermediate stage updates, the column-

E

vector ¢ with elements c? = Zj a;E determines the offset between times ¢,, and t,41 that

J

the intermediate states represent, and the row-vector b¥ with elements b}E provides the
weights for the final linear combination of the intermediate updates to integrate the evolved
variables through the full time-step. For explicit methods, the matrix AE will be strictly
lower-triangular; each row ¢ represents an intermediate state, so only currently known in-

termediate states with 7 < ¢ can be used in the update. For an arbitrary s-stage explicit

method, these linear combinations are

i—1
U =U"+AtY aF" (tn +c AL, I_Jj),
j=1
(6.4)
S
Ut =T 4+ ALY o5 FR <tn + AL, I_J~7>,
j=1

where U’ represents the i-th intermediate state of the evolved variables, and F¥ represents
the combined evaluation of all RHS terms of all evolution equations.

The ERK time-integrator works with all explicit methods that take this form. New
methods can be added simply by providing a Butcher tableau. See appendix G.1 for more

information on the currently available methods in Flash-X.

6.1.2 TImplicit-Explicit Methods

Explicit integration methods are not always suitable for every problem. If the evolution
equations contain terms with disparate timescales, choosing a practical time-step size that

allows for stable explicit integration may not be possible. The terms that have the smallest
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timescales, possibly orders of magnitude smaller than the other terms, are referred to as stiff,
and typically must be integrated implicitly. For example, the discretized neutrino moment
evolution equations have an advective timescale of O(Ax/c) and an interaction timescale of
O(1/ck), where the speed of light ¢ has been included explicitly; the interaction timescale
can be many orders of magnitude smaller than the advective timescale in optically thick
regions when the opacity becomes large. Implicit time-integration can be computationally
expensive, particularly when applied to partial differential equations that contain spatial
derivatives of the evolved variables. A more efficient approach is the use of mixed implicit-
explicit (IMEX) methods that couple an implicit method applied to the stiff terms with an
explicit method applied to the non-stiff terms.

The IMEX time-integrator makes use of the methods presented in Ascher et al. (1997)

and Pareschi & Russo (2005). These methods will use a set of Butcher tableaus of the form

: : (6.5)

where the superscript “I” denotes the quantities specific to the implicit tableau, and the ma-
trix and vector quantities represent the same stage-specific weights and offsets as their ERK
counterparts. For these IMEX methods, the implicit methods will be limited to diagonally
implicit methods, i.e., the matrix Al is lower-triangular with agj = 0 for 7 > i. The MoL
form of the evolution equations is separated into non-stiff explicitly integrated terms and

stiff implicitly integrated terms

U = FE (¢, U) + Fl(¢,U), (6.6)
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where F1 represented the combined evaluation of stiff source terms. The linear combinations

for the intermediate stage and final updates are

i—1 7
By E -E E 17 I I I ]
T =U"+ At aliF (tn +cPA, UJ) +ArY dlF <tn + A, UJ),
j=1 j=1

(6.7)

S
U = T 4 At | Y oEFE (tn +Pat, I_ﬂ) 1+ bhF! (tn + A, UJ)
j=1

Each stage will require an implicit update when a%i # (0. Currently, the only stiff terms in the
combined evolution equations are the neutrino-matter interaction terms, so responsibility of
the implicit update is delegated to the neutrino radiation transport solver to exploit the
structure of the update equations presented in chapter 3.

The IMEX time-integrator works with all methods that take this form. Similarly to the

ERK methods, new IMEX methods can be added simply by providing a Butcher tableau.

See appendix G.2 for more information on the currently available methods in Flash-X.

6.1.3 Multi-Rate Methods

Some problem may have evolution equations that contain terms with faster timescales than
the non-stiff explicitly integrated terms, but slower timescales than the stiff terms. In these
situations, these semi-stiff terms may not be ideal for implicit methods. Additionally, a
subset of the evolution equations may require a higher-order time-integration method or
smaller time-step size to maintain numerical stability, but evolving the remaining equations
with the same method or time-step might be too computationally expensive to be practical.
For these situations, a multi-rate (MR) method that operates on slower and faster timescales

separately with explicit or IMEX methods can be an ideal solution.
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The MR time-integrator is based on the implicit-explicit multi-rate methods presented

in Chinomona & Reynolds (2021). In this method, the evolution equations take the form

8U = FE(t,U) + Fl(t, U) + FF (1, U), (6.8)

where the superscript “F” denotes terms that will be integrated at the faster timescale; the
implicit (I) and explicit (E) terms will be integrated at the slower timescale. The faster
timescale method will evolve a modified evolution equation at each of the slower timescale

method’s stages

V() = FF (0, V(0)) + H(h), (6.9)

where 6 is a new time-coordinate specific to the fast integration method, V represents the
variables evolved by the fast method as a function of  (this is not the same as the similarly
named vector in the operator-split method earlier in this chapter) with the prime indicating
the derivative with respect to 6, and H(#) represents the contribution of terms from the
slow integration method. This term intentionally does not include a dependence on U to
emphasize that only # changes in its evaluation, as it typically interpolates the results from

the slow method in time. The slow IMEX methods will use a Butcher tableau of the form

cS | AL{EY ofk) | AEARY ik}

1| pbk ik} | pEARY ofk} (6.10)

Lk ofk} | pEARE ok}

where the superscript “S” denotes quantities specific to the slow integration method, the
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additional row with the b vectors provide a stiffly-accurate form, and the superscripts {k}
denote a set of 0 < k < kpax tableaus that are used in time-interpolation of the slow-
method’s intermediate states. For an s-stage IMEX method used for the slower timescale
integration, its tableau will be extended to 2s x 2s to utilize the solve-decoupled method pro-
posed in Chinomona & Reynolds (2021), which alternates between “slow” and “fast” stages.
Slow-stage updates are performed in the same manner as the IMEX method’s in Eq. (6.7),
and fast-stage updates, which are currently limited to explicit methods, are performed the
same as in the ERK method’s update in Eq. (6.4), but applied to Eq. (6.9) written in the

form for the ¢-th slow integration stage

V/(0) = ASFF (tn + ¢S AL+ ASY, V(e)) +H (D)

Z—]. ma.
Z aE {k}( > ]—"E(tn + CSAt UJ>
7j=1 k=0
i kmax
+3Y o {k}( ) J:I(tn+cSAt U~7> (6.11)
=1 k=0

V() =Tt T =Vv(),

ACZS :cZ-S—cZ-S_l, 0 <0 <AL.

The IMEX tableau used for the slow stages takes the form

k=0 k=0

The MR time-integrator works with all methods that take this form. Currently, only a
third-order method is available for the slow timescale integration (see appendix G.3), but all

ERK methods in appendix G.1 are available for the fast timescale integration.
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6.2 GRM1

The Flash-X radiation transport physics module GRM1 implements the neutrino moment
evolution equations and numerical methods presented in chapter 3. This module implements
the public interface, i.e., the parts accessible to other parts of Flash-X, of the radiation
transport module, including initialization, calculation of implicit and explicit RHS terms,
implicit updates of the interaction terms, and all pre- and post-time-step synchronization
procedures. Following the design principles stated earlier in the chapter, all terms in the
evolution equation, Eq. (3.102), are implemented as compact kernels operating on a single
cell or local stencil of data, which are then used in procedures operating on a single block
or row of data in the grid. The implementation of the public interface serves as the entry
point and runtime controls that interact with Flash-X for tasks such as accessing the grid
and its iterators, and performing I/O-related operations.

The remainder of this section will provide a comprehensive set of test problems used to
validate the implementation of the GRM1 solver. For simplicity, these test problems will all
use the uniform grid provided by the Flash-X UG grid module. All test problems will make
use of the third-order IMEX-ARK(3,4,3) time-integrator (see appendix G.2). As is standard
practice for numerically evolving hyperbolic equations, the time-steps will be limited by the

Courant-Friedrichs-Lewy (CFL) number to provide numerical stability (Toro, 2009)

7

A 1
At = Clq min <|—;|> . (6.13)

Frequently, |\| = ¢ when there are regions where neutrinos are free streaming. One- and two-
dimensional simulations use C.q = 0.5 while three-dimension simulations will use C.q = 0.3.

Unless necessary for a particular test, only a single neutrino species and frequency will be
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used. All test problems will also make use of the finite-volume discretization with a layer of

two guard-cells unless stated otherwise.

6.2.1 Radiation Beam

These tests utilize fixed-source radiation beams in vacuum to isolate and test the treatment of
the spatial advection terms. Three-dimensional simulations are performed for both flat and
curved spacetimes. These tests all verify the solver’s free-streaming advection capabilities,
and produce results that compare favorably with similar tests performed in Foucart et al.

(2015); Weih et al. (2020); Radice et al. (2022).

6.2.1.1 Flat Spacetime

This set of tests uses a static Minkowski background metric in a Cartesian coordinate ba-
sis. Separate simulations for on- and off-axis beam configurations test the free-streaming
capabilities of the solver. Each configuration will also be used to compare the less- and
more-dissipative forms of the generalized minmod limiter. All simulations use a grid dis-
cretized into cells of size Ax = Ay = Az = 0.05, with outflow boundary conditions set at
the extents of the domain.

The on-axis beam configuration sets a fixed-source beam directed along the z-axis in the
region x < 0.1 and 0.05 < y,z < 0.15. The energy and momentum densities in the beam
region are set to £ = 1 and F L= (E,0,0), respectively. The simulations are initialized to
E = F' = 0 outside of this region, and then evolved until a time ¢ = 0.4. This configuration
is ran separately for the # = 1, 2 limits of the generalized minmod limiter. The comparison of
the results for this test are displayed in fig. 6.1. In both sets of results, the beams maintain

their shape and direction, and propagate at the expected speed (in units of ¢ = 1). There
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Figure 6.1: Fixed-source radiation beam (gray-shaded region) directed along the z-axis.
Results for the normalized energy density are shown in the xy-plane at a time t = 0.4. The
results for the more-dissipative 6§ = 1 and less-dissipative § = 2 limiters are displayed in the
upper and lower halves, respectively, with the black-dashed line separating the regions.

is a slight broadening along the leading edge of the beam, with the more-dissipative limiter
exhibiting the most broadening.

The off-axis beam configuration translates the on-axis configuration’s fixed source to
x = 0.1 and rotates it by 45° in the zy-plane to lie along the line x = y. Again, the
simulations are initialized to E = F' = 0 outside of this region, and then evolved until a
time ¢t = 0.3. The comparison of the results for this test ran for the limiter’'s § = 1,2 cases
are displayed in fig. 6.2. In both sets of results, the beams maintain their expected direction
and speed. However, the broadening previously limited to the leading edge of the beam in

the on-axis configuration now extends to all sides. This effect is again more pronounced with
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Figure 6.2: Fixed-source radiation beam (gray-shaded region) directed along the line x = y.
Results for the normalized energy density are shown in the xy-plane at a time t = 0.3. The
results for the more-dissipative § = 1 and the less-dissipative § = 2 limiters are displayed
in the upper left and lower-right, respectively, with the black-dashed line separating the
regions.

the more-dissipative 8 = 1 limiter.

6.2.1.2 Schwarzschild Spacetime

The second set of radiation beam tests examine the GRM1 solver’s treatment of advection
in a curved spacetime. For this purpose, a Schwarzschild black hole with a mass M = 1
is placed at the origin, and described by a Kerr-Schild Cartesian coordinate basis. This
choice of basis produces both a non-unit lapse and metric components, as well as a non-
zero shift and extrinsic curvature components; this proves useful in verifying the correct

implementation of terms containing these quantities in the evolution equations. In Kerr-

128



E/Emaa;

Figure 6.3: Fixed-source radiation beam (gray-shaded region) located between a radius of
7 < r < 8 along the y-axis outside of a unit mass Schwarzschild black hole. The beam
is oriented in the positive z-direction, and evolved until a time ¢ = 15. The results show
the normalized energy density compared to the bounding null geodesics (solid black lines)
indicating the expected path of the beam.

Schild Cartesian coordinates, the Schwarzschild lapse, shift, spatial metric, and extrinsic

curvature are (Baumgarte & Shapiro, 2010)

1
2M\ 2 2M

. 2Ma? . oM M
Bt = o i K'j _ e {nij _ (2 + _>£i£j} (6.14)
r r

r ?

2 2 2 2 ; mi
re=at+y 425, O=0=—,
r

where 7,; = diag(1,1,1) is Minkowski metric in Cartesian coordinates.

While three-dimensional simulations are used for these tests, they are confined to the
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Figure 6.4: Fixed-source radiation beam (gray-shaded region) located between a radius of
3 < r < 4 along the y-axis outside of a unit mass Schwarzschild black hole. The beam
is oriented in the positive z-direction, and evolved until a time ¢ = 15. The results show
the normalized energy density compared to the bounding null geodesics (solid black lines)
indicating the expected path of the beam.

region of x,y > 0 and a single-layer of cells straddling z = 0. The domain is discretized
into cells of size Ax = Ay = Az = 0.1. Fixed source beams are added along the y-axis
and oriented such that «FJ — 37 is parallel to the z-axis. Two separate beam locations are
used, one located at 7 < y < 8 and one located closer to the black hole at 3 < y < 4. Both
simulations set the beam’s fixed-source to an energy density of £ = 1 and the magnitude
of the momentum density to -, j F'FJ = E2. Outflow boundaries are used for the radiation
quantities, while the metric quantities are set to their analytic values at the boundaries.
Each simulation is then evolved until a time ¢ = 15, allowing the beam to propagate through

the computational domain.
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The results for the far and near beam simulations are displayed in figs. 6.3-6.4. In
each figure, the beams are compared to the null geodesics emanating from boundaries of the
fixed-source of each beam. In both cases, the beams closely follow these expected trajectories
curving around the black hole. The beams diffuse slightly outside of these bounds due to
the numerical treatment of the fluxes, e.g., cells that straddle the bounding geodesics allow
for transport of energy outside of this region. These type of numerical artifacts are present

in similar tests performed in Foucart et al. (2015); Radice et al. (2022).

6.2.2 Radiating Sphere

A radiating homogeneous sphere is used to examine the GRM1 solver’s ability to transition
between the optically thin and thick regimes. A uniform density sphere with a radius R is
placed at the origin and assigned a constant equilibrium energy density, Jeq, and absorption
opacity, Ky}, and evolved until reaching a steady-state. This test problem proves useful in
examining the validity of the M1 closure by comparison to the analytic steady-state solution

presented in Smit et al. (1997)

fryp) = Jeq. [1 — e_ﬁabs.s(raﬂ)] ’
Rg(r,p)+rp, "<R and —-1l<pu<l1

s(r, ) = . ! (6.15)
2Rg(r, 1), r> R and 1-— <§> <p<l

g(r,p) = \/1 - (%)2@ —u2>,

where y1 = cosf. The first few projected co-moving frame moments can then be obtained

directly by using the distribution function in Eq. (6.15) in Eqns. (3.17)—(3.19).

Two separate simulations are performed for optically thin and thick spheres. For the
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Figure 6.5: Results for the optically thin radiating sphere (Joq. = 0.8 and ks = 4) at a
time ¢ = 5. The numerical (red solid lines) and analytic (black dotted lines) solutions for
the energy density, momentum density, and pressure are compared.

optically thin sphere, the equilibrium energy density and absorption opacity are set to the

values used in Smit et al. (1997), Jeq. = 0.8 and k,p,g, = 4. For the optically thick sphere,
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Figure 6.6: Results for the optically thick radiating sphere (Joq. = 10 and k,pg, = 250) at
a time ¢ = 5. The numerical (red solid lines) and analytic (black dotted lines) solutions for
the energy density, momentum density, and pressure are compared.

these values are set to the ones used in Abdikamalov et al. (2012), Joq. = 10 and kg, = 250.

Both simulations place a sphere with a radius R = 1 at the origin on a one-dimensional
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spherically symmetric domain that extends out to a radius of rpax = 3. The radial axis is
discretized into 500 cells (for a cell-size of Ar = 0.006), which ensures that the corrective
factor in Eq. (3.129) is used in the optically thick case only. Each simulation initializes the

energy density to a constant value inside the sphere with a subsequent 1/ 2 drop-off outside

1, r<R 10710 r<R
2
(%) , T>R %, r>R

A reflective boundary condition is placed at » = 0, and an outflow boundary condition at
r = 3. Each simulation is evolved past reaching a steady-state until a time ¢ = 5.

The results for the optically thin and thick simulations are shown in figs. 6.5-6.6. In
each case, the solutions closely match their analytic values in the optically thin and thick
limits, but deviate in the intermediate regime just outside of the sphere. These results are
on par with similar tests performed with M1 radiation transport solvers in Foucart et al.
(2015); O’Connor (2015); Weih et al. (2020); Radice et al. (2022); Cheong et al. (2023). The
deviation of the results when not fully in the optically thin or thick limit is expected when
using the Minerbo closure, Eq. (3.108), or other similar closure relations, as they are unable

to produce the exact closure relation of the analytic solution (Murchikova et al., 2017).

6.2.3 Shadow Casting

A series of shadow casting test problems are used as a further test of the GRM1 solver’s
ability to transition between the optically thin and thick regimes. These tests will place
a completely absorbing medium outside of a radiative source, and examine the occluded

downstream region. M1 radiation transport solvers excel at capturing the shadows cast in
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these regions, while more-approximate methods fail to resolve these features; see Hayes &
Norman (2003) for a comparison of the ability of two-moment and flux-limited diffusion
solvers to resolve shadows.

The first test extends the previous on-axis radiation beam test to include a completely
absorbing sphere placed downstream from the fixed-beam source. The fixed-source is con-
fined to the region x < 0.1 and —0.1 < y,2z < 0.1 and is directed along the z-axis, and
its energy density is fixed at £ = 1. A completely absorbing sphere with a radius 0.05 is
placed downstream along the z-axis at © = 0.3; the sphere’s absorption opacity is set to
Kabs.,» While its emissivity is set to kaps Jeq. = 0. The domain is discretized into cells of
size Ar = Ay = Az = 0.005, and outflow boundary conditions are enforced along each
boundary. The initial energy and momentum density are set to zero everywhere outside of
the fixed-source beam. The simulation is evolved until a time ¢ = 0.5, allowing the beam to
pass the sphere and exit the domain.

The results for this test are displayed in fig. 6.7 and show a crisp shadow downstream
from absorbing sphere. The marginal broadening of the edges of the beam adjacent to
the occluded region result from the approximation of the sphere in the rectilinear grid, as
the reconstruction stencils used to approximate the flux overlap past the sphere into the
upstream beam near the top and bottom edges. However, the beam does not diffuse any
further into this region as it continues to propagate through the domain.

A second test to assess the shadow-casting capabilities of the GRM1 solver utilizes a radiat-
ing sphere as the radiative source. This test adopts a similar setup as the tests performed in
O’Connor & Couch (2018a); Cheong et al. (2023). The radiating sphere source with radius
R = 1.5 is placed at the origin, and assigned an equilibrium energy density of Jeq. = 1 and

a radially varying absorption opacity k,ps () = 10 exp [—(47" / R)Q}. A completely absorbing
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Figure 6.7: Results for the shadow cast by an absorbing sphere (black hatched region) placed
in the path of a fixed-source beam (gray shaded region). The beam is evolved until a time
t = 0.5 allowing it to fully pass by the sphere and exit the domain. A crisp shadow can be
seen in the region downstream from the absorbing sphere.

sphere with a radius of R = 2 is placed outside of the sphere on the z-axis at = 8; the
absorbing sphere is again assigned an absorption opacity K,ps = 10% and the emissivity is
forced to zero. The domain is discretized into cells of size Az = Ay = Az = 0.075, and
outflow conditions are enforced at all boundaries. The simulation is evolved until a time
t = 15, allowing the solution to reach a steady-state.

Figure 6.8 displays the results for this test after the steady-state has been reached. As
with the prior test using the fixed-source beam in propagating in a uniform direction, the
absorbing sphere correctly produces a shadow in the downstream region. Again, some broad-

ening along the boundary between the free-streaming and occluded regions is present, but
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Figure 6.8: Results at the time t = 15 for the shadow cast by an absorbing sphere (black
hatched region) placed outside of a radiating sphere located at the origin. A crisp shadow
forms in the region occluded by the absorbing sphere and persists in the steady-state solution.

the radiation’s propagation direction is maintained. These results agree with those of the
similar tests performed in O’Connor & Couch (2018a); Cheong et al. (2023), and further

validate the GRM1 solver’s treatment of advection and interactions.

6.2.4 Diffusion Limit

In the optically thick limit radiation behaves diffusively in the co-moving frame of the fluid.
Since the radiation is fully trapped by the fluid in this limit, any advection observed in the
Eulerian frame is the result of the motion of the fluid. A series of diffusion problems are used
to assess both the corrections made to the hyperbolic fluxes in this limit and the retention

of all non-linear source terms during the implicit update of the neutrino-matter interactions.
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All diffusion tests will be performed in strictly-scattering media and a static Minkowski
background spacetime. Under these conditions, the evolution of the radiation’s energy den-
sity can be described by a diffusion equation (Pons et al., 2000; Radice et al., 2022; Cheong

et al., 2023), which can be written in the form

OE = 14V?E, (6.17)

where 74 = 1/3k is the diffusion timescale. Since these problems will exclusively use purely-
scattering media, the opacity in the diffusion timescale will always be taken as the scattering
opacity, Kk = Kigo. For verification purposes, each test will correspond to a problem that
permits an analytic solution of Eq. (6.17). Cases for stationary and moving media will be
considered separately in this section; a second stationary medium will later be used for

testing spatial convergence rates.

6.2.4.1 Stationary Medium

A stationary medium is used to validate the correction of the hyperbolic fluxes in the asymp-
totically optically thick limit. This test will use a point-like source as proposed in Pons et al.
(2000) to produce steep gradients in the energy density;this would lead to incorrect numer-
ical fluxes without the corrective factor in Eq. (3.129) being applied to the Riemann solver
in Eq. (3.127). By assuming an initial point-like source at the origin for the energy density

that is proportional to a -function

E(F,t =0) = 63(F), (6.18)
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where 1 is the coordinate position vector, Eq. (6.17) can be solved in a spherically symmetric

spacetime via a Fourier transform to yield the analytic solution

T2
— . q
exp ( 4Tdt> (6.19)

Pons et al. (2000) shows that the momentum density in the optically thick limit is then

F"(r,t) = —140, E(r,t) = %E(r, 0. (6.20)

Two tests at different scattering opacities x = 102 and x = 10* are conducted. Each
test is initialized at a time ¢ > 0 from the analytic solution in Eqns. (6.19)-(6.20). One-
dimensional spherically symmetric domains are discretized into cells of size Ar = 0.01; this
guarantees that the optical depth for the k = 102 case remains at 7 = 1 and that the fluxes
are not corrected for the optically thick limit, while the case for x = 10* has an optical depth
of 7 = 102, and the corrections are applied. Reflective boundary conditions are applied at
the origin, and outflow conditions are enforced at the outer boundary.

The results of each test are displayed in figs. 6.9-6.10. The numerical results closely
follow the analytic solution in both cases, verifying that the optically thick correction to the
hyperbolic fluxes works properly. These tests are in agreement with the results of similar

tests performed in Pons et al. (2000); O’Connor (2015); Cheong et al. (2023).

6.2.4.2 Moving Medium

A moving medium is used to test the retention of the non-linear interaction source terms

in the implicit update. These terms are most impactful in the optically thick limit, and
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Figure 6.9: Results for the point-like source in a scattering medium with x = 102. The
numerical (solid lines) and analytic (dotted lines) solutions are compared at various times.

become highly non-linear when the fluid velocity is non-zero. Failure to retain the non-linear

terms or the use of O(v/c) approximations can lead to violation of energy conservation and
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Figure 6.10: Results for the point-like source in a scattering medium with x = 10%. The
numerical (solid lines) and analytic (dotted lines) solutions are compared at various times.

incorrect advective speeds (Radia et al., 2022). This test will follow a similar setup as the

one used in Radice et al. (2022); Cheong et al. (2023).
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Figure 6.11: Results for a radiation pulse in a moving scattering medium. The numerical
result (red solid line) closely matched the expected result (black dotted line). No common
issues associated with incorrect treatment of the non-linear interactions terms are present in
the solution.

A radiation pulse will be set in a background scattering medium moving with a velocity
v in a one-dimensional Minkowski spacetime. The initial pulse is placed at the origin with

the shape
E(z,0) = exp (—9x2>. (6.21)

Solving Eq. (6.17) with this initial condition and advecting the resulting solution at a con-

stant velocity v yields the expected solution for the time-evolution of the energy density

1

Blrt) = ——
(z,7) T 36rg

(6.22)

9z — vt)?
1+ 36742 '
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The domain spans —5 < x < 5 and the z-axis is discretized into 1024 cells. The background
medium is assigned a scattering opacity kK = 10 and a velocity along the z-axis of v = 0.5.

The results at a time ¢ = 4 are displayed in fig. 6.11. The potential issues associated
with an incorrect treatment of the non-linear source terms are not present in the solution,
verifying that their implementation in the GRM1 solver works correctly. These results are in
agreement with the tests performed with similar treatments of these terms in Radice et al.

(2022); Cheong et al. (2023).

6.2.5 Advection Through Velocity Jump

For highly-relativistic problems, the GRM1 solver will need to be able to handle large velocities
and gradients. A beam of radiation is evolved through a velocity jump to test these limits.
This test will be restricted to a completely optically thin background to isolate and verify
the velocity-dependence in solving the closure in the co-moving frame.

For this test, a one-dimensional Minkowski spacetime spanning —1 < z < 1 will be
discretized into 512 cells. Simple outflow conditions will be imposed at the boundaries. The

background optically thin medium is assigned a velocity

0.9, r <0

09, >0

for a relative Lorentz factor W = 10 across the jump located at x = 0. The beam is initialized
as E = F¥ =1 in the region x < —0.5 and zero elsewhere. Separate simulations will use the
more-dissipative (# = 1) and less-dissipative (6 = 2) limiters.

Both simulations demonstrate the GRM1 solver’s ability to advect the radiation beam
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Figure 6.12: Propagation of a radiation beam through a relativistic velocity jump. Velocities
are fixed at v, = 0.9 for x < 0, and v, = —0.9 for x > 0. The numerical solutions for
the more-dissipative (purple dashed line) and less-dissipative (blue dotted line) limiters are
compared with the expected solution (black solid line).

through the velocity jump; see fig. 6.12 for the results. There are no spurious oscillations
observed at the velocity jump, and the beam maintains its expected speed. As with the
previous beam tests, the less-dissipative limiter better resolves the leading edge of the beam.
These results compare favorably with the similar tests performed in Radice et al. (2022);

Cheong et al. (2023).

6.2.6 Velocity- and Curvature-Dependent Redshifting

The frequency advection terms couple the evolution equations for each frequency when the

fluid is accelerating or the spacetime is not flat. To demonstrate the effectiveness of the
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pseudospectral discretization of the frequency advection operator, the co-moving frame lu-
minosity of an optically thick radiating sphere will be measured. Three cases will be con-
sidered: a finite-velocity profile located far outside a zero-mass sphere, a massive sphere and
zero-velocity everywhere, and the mixed case of the massive sphere and finite-velocity profile.
These tests will utilize setups similar to those described in Miiller et al. (2010); O’Connor
(2015); Cheong et al. (2023).

In a spherically symmetric spacetime, the luminosity measured by a co-moving observer
is simply the total energy flux passing through a spherical surface at a radius r. In the
optically thin limit, this takes the form

00 T 00
L(r) o /0 dv ]:.T(U) = gh—zr la/o dv F{V)]. (6.24)
The steady-state limit of the frequency-integrated evolution equation for the energy density,

Eq. (3.44), in the optically thin limit shows that the final bracketed quantity in Eq. (6.24) is
m ~
a/ dv F(ry) = const. (6.25)
0

everywhere outside of the sphere. The term in the brackets can thus be evaluated at a
point outside of the sphere, and scaled by Wa ™1 (1 —v")/(1+v") to determine the expected
co-moving frame luminosity.

For all tests, a radiating sphere of radius R = 8 is placed at the origin and assigned an
absorption opacity r,ps = 100. The frequencies are discretized around a 7" = 5 equilibrium
Fermi-Dirac distribution using five frequency collocation points; the equilibrium energy den-

sity and emissivity for each frequency are also set from this distribution. A one-dimensional
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Figure 6.13: Luminosity measured in the co-moving frame for the finite-velocity case (top
plot). The numerical results (red solid line) are compared to the expected results (black
dashed line). The velocity profile (middle plot) and lapse (bottom plot) are shown for

reference.

spherically symmetric domain spans 0 < r < 800 and is discretized into 4096 radial cells. A

reflective boundary is used at the origin, while an outflow condition is imposed at the outer

boundary. For cases with a non-zero velocity, the velocity profile is set to

0, r <90
r—90
—0.2( 10 ), 90 < r <100, (6.26)
2
1
—O.Q(E) , r > 100
L r

For cases with a sphere of mass M = 1.8, the constant-density solution of the Tolman-

Oppenheimer-Volkoff (TOV) equations is used (see Wald (1984) for the derivation). In a
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Figure 6.14: Luminosity measured in the co-moving frame for the finite-mass case (top plot).
The numerical results (red solid line) are compared to the expected results (black dashed
line). The velocity profile (middle plot) and lapse (bottom plot) are shown for reference.

TOV spacetime, a self-gravitating sphere of constant density has an enclosed mass at an
interior point m(r) = M(r/R)3. This leads to the spacetime quantities that differ from a

spherical Minkowski spacetime

3 2M 1 2Mr?
V1= o\ T TR
a= , (6.27)
2M
1——, r>r
r
9 1
(1_2M7’) <R
R3
Trr = o1 L (6.28)
(1——) , r>R
r

Each simulation was evolved until a time ¢ = 1000. An initial set of tests using the
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Figure 6.15: Luminosity measured in the co-moving frame for the combined finite-velocity
and finite-mass case (top plot). The numerical results (red solid line) are compared to the
expected results (black dashed line). The velocity profile (middle plot) and lapse (top plot)
are shown for reference.

finite-volume discretization successfully performed in the finite-velocity and finite-mass only
cases, but struggled with the mixed case; oscillations formed near the discontinuities in the
velocity’s gradient, but remained as a steady-state solution. This prompted the addition
of the finite-difference discretization, which was able to successfully evolve all three cases
to their expected steady-state solution. These results are displayed in figs. 6.13-6.15. In
each case, the numerical solution closely follows the expected results. Some slight noise is
present in the region preceding the velocity profile in the finite-velocity case, but this is not
unexpected with the fairly coarse discretization used in these tests.

Overall, these results represent a successful test of the redshifting discretization. The

results obtained here with only five neutrino frequencies compare favorably with the similar
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tests performed in O’Connor (2015); Cheong et al. (2023) using a frequency-bin method uti-
lizing 18 neutrino frequencies. Further testing of this discretization is necessary to determine
how effective and accurate it is when the underlying distribution of the neutrinos deviates

far from the equilibrium distribution it has been discretized around.

6.2.7 Spatial Convergence

To verify the expected second-order spatial convergence of the GRM1 solver, the optically thin
and thick cases are tested separately for problems that have analytic solutions F(z,t) for the
energy density. These will be used to quantify the numerical error in solution at the N-th
time step in the i-th cell by the residual (5EZ~N = EZN — E(zj,ty). From these residuals, the

discrete Lo-norm can be computed over the grid (LeVeque, 2002)

HaENH2 = [Aa > (BN - Bz ty))”. (6.29)

The spatial-convergence rate can easily be obtained from the slope of the best-fit line (in

log-log space) of the residual as a function of the grid resolution.

6.2.7.1 Optically Thin Limit

For the optically thin limit, a radiation pulse is evolved in an optically thin Bondi flow
outside of a Schwarzschild black hole. The analytic outgoing wavelike solution from Shibata
et al. (2011) will be used to compare the numerical results against. In Kerr-Schild spherical

coordinates, the outgoing solution takes the form

g+(r* =1)
2/703(1 — 2M/r)?’

E(r,t) = F"(r,t) = (6.30)
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Figure 6.16: Initial (purple solid line) and final (blue solid line) states for a radiation pulse
in an optically thin Bondi flow from the highest resolution (k = 13) case. The extracted
shapes of the wave pulses are extracted via Eq. (6.33) and compared to the analytic results
(black dashed lines).

where M is the mass of the black hole, and g4 (r* — t) is the shape of the radiation pulse at

a time t with r* defined as

¥ r+2M r—2M
= = 4M1 . 6.31
r /drr—2M T+ og{ 7 (6.31)

A similar setup to the numerical simulations in Shibata et al. (2011) is used, and the shape

of the pulse is set to

*_p X 2
g+(r" —t) =exp [— r 85\42 0) ] (6.32)
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Figure 6.17: Spatial convergence rate for a radiation pulse in an optically thin Bondi flow.
The numerical results (red line) meet the expected second-order convergence rate (black
dashed line for reference).

The radial axis of a spherically symmetric domain is discretized into ok cells, for k € 9, 13].
The simulations are evolved until a final time ¢ = 35. The shape of the pulse is extracted

from the numerical results as

2M 2
E+::2vﬁa3(1—n77> E. (6.33)

The results for the shape of the pulse at the initial and final times for the highest resolu-
tion case k = 13 are shown in fig. 6.16, while fig. 6.17 displays the Lo-norm of the residuals
across all resolutions. The spatial convergence rate for these results is 2.08 4+ 0.03, demon-
strating the expected second-order accuracy of the spatial discretization in the optically thin

limit.
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6.2.7.2 Optically Thick Limit

The spatial convergence rate in the optically thick limit is tested by evolving a radiation
pulse in a purely scattering stationary medium. For this test, the initial pulse is set to a

unit box centered at the origin

E(z,t =0) = . (6.34)

0, otherwise

Solving Eq. (6.17) with this initial condition gives the analytic result

B(yt) = fert (222 f(22 6.35
(x,)—ier Nt —er T )| (6.35)
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Figure 6.18: Numerical (red solid line) and analytic (black dotted line) results of a radiation
pulse in an optically thick scattering medium for the k£ = 10 case.

152



1072+ —— Numerical ) :

......... Second-order

1074 F Convergence rate: 1.77 £ 0.02 ]

1072 101
Ax

Figure 6.19: Spatial convergence rate for a radiation pulse in an optically thick scattering
medium. The numerical results (red line) approach the expected second-order convergence
rate (black dashed line for reference).

The background scattering opacity is set to kigo = 103 everywhere in the domain. The
domain spans —2 < z < 2 and is discretized into 2F cells, where k € [7,11] for separate
simulations. Each simulation is evolved until a time ¢ = 10.

The results for the k& = 10 resolution are displayed in fig. 6.18 and show good agreement
with the analytic solution. The convergence rate found across all resolutions was found to
be 1.77 £ 0.02, almost reaching the expected second-order rate; see fig. 6.19 for the results.
These results are acceptable for the discontinuous initial data; the combination of the HLL
Riemann solver and the generalized minmod limiter are only expected to be second-order

accurate in smooth regions of the solution.
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6.3 GRFD

The GRFD solver provides a general relativistic implementation of the Flash-X hydrody-
namics physics module using the formalism and numerical methods presented in chapter 4.
Similarly to the GRM1 solver, this solver implements the Mol-specific pieces of the module’s
public interface, including calculation of the explicit RHS terms and pre- and post-update
synchronization. This solver also encapsulates the calculations of the terms in the evolution
equations in compact kernels, which are then applied to individual cells or local stencils
in grid block- or row-level procedures. These procedures are organized and managed di-
rectly within the public interface implementations that serve as the entry point and runtime
controls for the solver.

The goal of the GRFD solver is two-fold: provide an example solver that utilizes and tests
the MoLL ERK integrator, and provide general relativistic hydrodynamics to be used alongside
the GRM1 solver. The latter goal is presently being worked towards. The remainder of this
section will present a series of test problems that serve to verify the solver’s implementation
and its use of the ERK integrator. All test problems will use the fourth-order ERK-RK4
time-integrator (see appendix G.1). Time-step sizes will again be limited by a CFL number
as in Eq. (6.13). For one-dimensional simulations will use C.q = 0.5 and two-dimensional
simulations will use C.q = 0.2. All simulations will use the symmetric fifth-order WENO

reconstruction scheme described in chapter 4, and utilize a layer of four guard-cells.

6.3.1 Relativistic Shock Tube

One of the standard test problems for hydrodynamics solvers is a shock tube setup. These

types of problems set discontinuous left and right states for the fluid’s density, pressure, and
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Figure 6.20: Results of the shock tube problem for a relativistic blast-wave and no transverse
velocity. The initial discontinuity is located at x = 0.5. The numerical results (red dotted
lines) capture the shock and closely follow the exact solution (black solid line).

velocity. Depending on these initial states and their relative velocity, the system will develop
into one of three patterns: two shocks, two rarefaction waves, or a shock and rarefaction
wave. These are ideal tests to verify a solver’s ability to capture the shocks in the fluid.

In relativistic hydrodynamics, the solutions for shock tube problems couple velocities
in all directions via the Lorentz factor, and prove more challenging than non-relativistic
solutions where only the velocity in the direction of the flow matters (Rezzolla et al., 2003).
This test problem will use a relativistic blast-wave setup, and separately consider cases with
and without an initial transverse velocity ahead of the shock to verify that the GRM1 solver

can not only capture the shock, but also correctly include the full velocity-dependence in the
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Figure 6.21: Results of the shock tube problem for a relativistic blast-wave with an initial
transverse velocity v | = 0.99 set in the region ahead of the shock. The initial discontinuity
is located at © = 0.5. The numerical results (red dotted lines) capture the shock and closely
follow the exact solution (black solid line).

solution. The initial left (L) and right (R) states will be set to

pt=10"3, pl=1, ot =0, (6.36)

PR=1073,  pR=10"%  JR=o, (6.37)

and an initial transverse velocity (relative to the direction the shock travels) is separately set
to UE =0 and UE = 0.99 ahead of the shock in each simulation, and zero behind the shock
for both. The initial discontinuity is placed at z = 0.5. An ideal I'-law equation of state is
used with I' = 5/3. The domain spans 0 < z < 1 and is discretized into 400 cells. Both

simulations are then evolved until a time ¢ = 0.4, allowing time for the shock and rarefaction
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waves to clearly develop while still staying within the computational domain.

The results for these shock tube problem are displayed in figs. 6.20-6.21. The exact so-
lutions are calculated following the procedure described in Rezzolla et al. (2003); Rezzolla &
Zanotti (2013). The rest-mass density, pressure, internal energy, and fluid velocity all follow
the exact results closely. The solver resolves the leading shock and locations of the contact
discontinuity and the tail/head of the rarefaction wave without any spurious oscillations or
severe broadening in both cases, although the narrow region between the contact discontinu-
ity and the shock in the case without transverse velocity requires a higher grid resolution to
better capture the magnitude of the density. These results are all in agreement with similar

tests presented in Radice & Rezzolla (2012); Rezzolla & Zanotti (2013).

6.3.2 Kelvin-Helmholtz Instability

The next test verifies the GRFD solver’s multi-dimensional capabilities by examining the
development of a Kelvin-Helmholtz instability in the presence of relativistic fluid velocities.
These instabilities form vortices along the contact between fluids of different densities moving
in different directions. The simulation used here will follow the one presented in Radice &
Rezzolla (2012). A high- and low-density regions are placed in contact with each other and
assigned opposing velocities, with a small initial perturbation in the transverse directions of
the flow to prompt the formation of the instability. These regions are separated along the

y-axis, and the flow direction is set along the z-axis using the initial values for the velocity

y_l
Votanh< d?>, y >0

1 )
+
_Vj, tanh (y d?>, y <0

v (y) = (6.38)
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and

( - ) 92
(v-3)
ApVpsin 2mz)exp | ————|, y >0
o
v (z,y) = - = : (6.39)
(v+3)
—ApVpsin (2rz)exp | —————|, y <0
o
\ L .

where V) is the magnitude of the initial opposing velocities, d is the distance over which the
velocities change, and Ag and o describe the amplitude and width of the initial perturbation,

respectively. The initial values for the density are

y—1
po+p1tanh< dQ)’ y >0

ply) = L :
po — p1 tanh (yd2>’ y<0

where pg and p1 are used to set the initial densities. The parameters are set to the values

(6.40)

Ag = 0.1, o=0.1, (6.41)

po = 0.505, p1 = 0.495,

For this simulation, a two-dimensional domain spans —0.5 < x < 0.5 and —1 < y < 1, and
is discretized into 256 x 512 grid cells. Periodic boundary conditions are used on all sides of
the domain. An ideal ['-law equation of state is used with I' = 4/3. The simulation was ran
until a time t = 3.

The results shown in fig. 6.22 display the development of the primary vortices expected

for this type of instability. The secondary vortices represent numerical artifacts that develop
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Figure 6.22: Results for the Kelvin-Helmholtz instability problem. The higher-density upper-
and lower- regions and middle-regions are given opposing velocities. The numerical results
for the rest-mass density show the development of the primary and secondary vortices.

differently for varying resolutions and different numerical treatments of the fluxes; these are
commonly seen in simulations of Kelvin-Helmholtz instabilities (Radice & Rezzolla, 2012).
The numerical results mirror each other across the line y = 0, maintaining the symmetry
expected from the initial fluid state and periodic boundaries conditions. Overall, the GRFD
solver handles the development of these Kelvin-Helmholtz instabilities very well, verifying

its multi-dimensional capabilities.

6.3.3 Bondi-Hoyle Accretion

The Bondi-Hoyle problem describes the accretion of an infinite gas cloud onto a moving star

(Edgar, 2004). This problem provides an excellent test for the general relativistic capabilities
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of the GRFD solver when applied to accretion onto a black hole. The alternative case of a
constant wind accreting onto a stationary black hole will be considered, such that a constant
analytic background spacetime can be used.

This simulation will use an infinite wind with an initial density p, = 1 and velocity
vy = 0.3 in the positive z-direction; the sound speed is chosen to be Co0 = 0.1 such that
the wind will be supersonic. An ideal I'-law equation of state with I' = 4/3 will be used to

invert the density and sound-speed to find the initial pressure

Pl —1)
2
r(r-1-e,)

Py = ; (6.42)
from which the remaining fluid variables can then be found. A unit mass Schwarzschild
black hole is placed at the origin. The two-dimensional spherical domain in the azimuthal
plane will be used, and described by spherical Kerr-Schild coordinates. The metric quan-
tities will set the same as in Eq. (6.14), but with the replacement ¢/ = (1,0,0) and N;j =
diag(l,r2 sine,r2>. Note that the order of the coordinate basis is (r, ¢, 0) instead of the
typical (7,0, ¢) to ensure that these two directions are properly treated as the first and sec-
ond dimensions during direction-dependent calculations in the two-dimensional simulation.

In this coordinate system, the initial velocity components are then set as

V" (r,¢) = vy/7"" cos ¢,

W (r,¢) = —vg /9 sin ¢,

such that the velocity points in the positive x-direction and vijvivj = vg; these velocity

(6.43)

components will always take this form for any spherically symmetric spacetime even when

using different coordinate bases so long as the metric is strictly diagonal.
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The domain covers the full 27 azimuthal angle and extends out to a radius of rypax =
100. The minimum radius is instead chosen as ry,;, = 2.2 such that the inner boundary is
located just outside the event horizon; this allows the simulation to disregard the acausally-
disconnected region inside the horizon. Outflow conditions will be used at the inner boundary
by extrapolating the inner-most cell’s values towards the event horizon; this technique has
been found to work well in similar studies of Bondi-Hoyle accretion performed in Font &
Ibanez (1998); Font et al. (1999); Zanotti et al. (2011). The initial wind conditions will
be set directly at the outer boundary in the upstream direction 7/2 < ¢ < 37/2, while
outflow conditions will be used in the downstream region. The domain will use an initial
domain discretized into 256 radial cells and 128 azimuthal cells. Unlike the uniform grid
used in previous simulations, this simulation will make use of the adaptive mesh refinement
(AMR) capabilities in Flash-X via the Paramesh AMR library (MacNeice et al., 2000). The
simulation uses three levels of refinement and the Flash-X default second-order monotonic
interpolation for refinement operations.! At each refinement level, the domain is broken up
into blocks of size 16 x 16 cells, with a layer of four guard cells on each side.

The simulation was ran until a time ¢ = 1500, and the Cartesian projection of the
results is displayed in fig. 6.23. This allowed for sufficient time for the expected shock cone
downstream from the black hole to form. The three refinement levels were sufficient to resolve
the development of the shock cone and maintain numerical stability without a significantly
more restrictive time-step size that would be necessary if using a uniform grid of similar base
resolution. These results compare favorably with similar simulations performed in Font &

Ibafiez (1998); Zanotti et al. (2011); Blakely & Nikiforakis (2015); Donmez (2021), and serve

1Second-order interpolation is not ideal for the fourth-order methods used by the GRFD solver, but was
chosen for testing purposes as the less-often used higher-order interpolators available in Flash-X currently
require modifications of the Grid module and its interface to Paramesh to access.
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to verify the multi-dimensional general relativistic capabilities of the GRFD solver. These
results also demonstrate the compatibility with the AMR capabilities in Flash-X, even in
the presence of a black hole. Further testing of these AMR capabilities is necessary to
determine the requirements for interpolation and any special considerations that must be

made for dealing with black hole spacetimes.
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Figure 6.23: Cartesian projection of the results for the rest-mass density at ¢ = 1500 in
the Bondi-Hoyle accretion problem. A constant mach-3 wind enters the domain from the
left and accretes onto a Schwarzschild black hole (black region at the origin). Mesh block
structure is shown in the lower region.

6.4 Z4c and CCZ4

The new Flash-X Spacetime physics module was created to manage the metric quantities

and support dynamic spacetime evolution. This new module provides the grid variables for
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the lapse «, shift vector B spatial metric 7, ' the extrinsic curvature K i and the three
projections of the stress-energy temsor £, §;, and §; i The grid variables for the metric
quantities are required by the other general relativistic solvers, and are held static by default
if no specific implementation for a spacetime solver is requested for a simulation. The grid
variables for the projections of the total stress-energy tensor provide a common location
for all physics solvers to add their contributions. The Eulerian projections were chosen
to represent the stress-energy tensor since these quantities are either easily calculated or
directly evolved by the physics solvers, and will be directly used by spacetime solvers. The
Spacetime module also provides the tensor-indexing scheme used by the code-generator, i.e.,
the named integers for the x,y, z-components for tensors of rank one and higher for use as
array indices, including the reduction of symmetric indices to a single dimension of an array.

Both the Z4c and CCZ4 formulations described in chapter 5 are provided as implemen-
tations of the new Spacetime module. For both, the code-generator is used to create the
kernel subroutines responsible for calculating the right-hand side terms of the evolution
equations, converting the evolved variables to and from the 341 split metric quantities,
and calculating the violations of the constraint equations as monitors of the stability of the
evolving spacetime. These kernels are applied cell-by-cell across blocks of data in the grid.
Both implementations make use of the fourth-order finite-difference operators described in
chapter 5.

This section will present a series of initial test problems that demonstrate the correctness
of the code-generator and the accuracy of the solvers. Beyond these initial problems, further
tests of more dynamic spacetimes will require increased compatibility between the spacetime
solvers and the adaptive mesh refinement capabilities in Flash-X. The currently available

refinement criteria and interpolation schemes have proven inadequate for minimizing the
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build-up of constraint violations, and will require further study and testing to fully make use
of alongside the Z4c and CCZ4 spacetime solvers. Due to this, most tests will be restricted to
using a uniform grid, but a demonstration of the refinement-related issues will be presented
for comparison to an equivalent uniform grid case. In all cases, the following tests will all

use the MoLL ERK-RK4 time-integrator (see appendix G.1).

6.4.1 Linear Wave

The first set of tests examines the ability of the spacetime Z4c and CCZ4 solvers to propagate
a gravitational wave. This test is based on the linear wave test included in the “Apples
with Apples” numerical relativity testbed proposed in Alcubierre et al. (2003); Babiuc et al.
(2008). The stable propagation of a linear wave serves as a proxy for evolving a gravitational
wave far from its source, and will verify the accuracy of the solvers and their constraint-
damping properties.

The linear wave test is setup following the specifications in Babiuc et al. (2008). A trace-
free perturbation will be made to a Minkowski spacetime in a Cartesian coordinate basis
by including a linearized plane wave along the x-axis in the transverse components of the

spatial metric, such that the line element takes the form
ds? = —dt? + dz? + (1 + B) dy? + (1 — B)d2?, (6.44)

where the perturbation is given by the wave

B = aan [Z220)] o5
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with an amplitude A and wavelength d. It follows that the lapse, shift vector, and spatial

metric are
a=1, B'=0, ~; =dag(l,1+B,1-B). (6.46)

Since the shift vector is zero, the extrinsic curvature can be found from the time derivative

of the spatial metric (Baumgarte & Shapiro, 2010)
K. = L 0 = di 1(9 B 18 B 4
ij = ~550 = diag| 0, =50, B, 50, B ). (6.47)

The amplitude and the wavelength of the perturbation are set to A = 1078 and d = 1.

The domain spans 0 < x < 1 to cover one full period of the wave along the x-axis.
Three sets of simulations at different resolutions are performed, with grid cells of size Az =
Ay = Az = 1/(50p) for p = 1,2,4. The limits of y, z-axes will be set such that there are
four cells along each of these axes. Periodic boundary conditions will be applied along all
spatial dimensions. Simulations are ran for each grid resolution using both the Z4c and
CCZA4 solvers, and evolved until a time ¢ = 100. Time-steps will be determined by the light-
crossing time of a cell limited by C.g = 0.25. The Z4c tests will set the damping parameters
k1 = 0.02 and k9 = 0 and n = 2, while CCZ4 sets sets the damping parameters to zero such
that the waveform is not damped away. Additionally, the Kreiss-Oliger damping parameters
are set to o = 0.2 for Z4c and o = 0.9 for CCZ4. All of these parameters typically need to
be tuned for different simulations and setups, as there is no consensus in the literature on
values that work best in all situations.

The results for the Z4c simulations are shown in fig. 6.24, while the results for the
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CCZ4 simulations are shown in fig. 6.25. Each figure compares the maximum Hamiltonian
constraint violation and errors in the offset, amplitude, and phase of the waves, at each
resolution. The errors in the waves as compared to the analytic solution for a traveling plane
wave are determined by the spatial discrete Fourier transform along the z-axis of the waves

(as extracted from the transverse metric components) at each time-step. This procedure was
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Figure 6.24: Results of the linear wave test performed by the Z4c solver for each resolution
p = 1,2,4. From top to bottom, the top three plots show the relative error in the offset,
amplitude, and phase of the waveform in the spatial metric’s v,, component as compared to
the expected solution at each time-step, while the bottom plot shows the largest violation
of the Hamiltonian constraint at each time-step.
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proposed in Daverio et al. (2018), and for the waveform in the ~y,, component, the Fourier

transform takes the form

N
1 .
= N E (V2 (t,2j) — 1] exp [—2mik(x; — t)], (6.48)

where N = 50p is the number of grid cells along the x-axis, and the metric component
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Figure 6.25: Results of the linear wave test performed by the CCZ4 solver for each resolution
p = 1,2,4. From top to bottom, the top three plots show the relative error in the offset,
amplitude, and phase of the waveform in the spatial metric’s v,, component as compared to
the expected solution at each time-step, while the bottom plot shows the largest violation
of the Hamiltonian constraint at each time-step.
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is explicitly written to depend on the time ¢ and its spatial location z;, the cell-centered
coordinate in the j-th cell. The k = 0 Fourier component corresponds to the integral of the
wave over the domain; since the domain spans one full period, this integral goes to zero if the
wave’s amplitude has not drifted away from being centered around zero. The k = 1 Fourier
component describes the shape of the wave, with the magnitude and argument corresponding
to the amplitude and phase, respectively. The relative errors used in figs. 6.24-6.25 are
defined in terms of these Fourier components as

| ol

|Fol 7 —A
A )

T
6| Fy| = SR ==, dlarg Fy] = [arg Ay + 7,

2

(6.49)

where the initial phase of the wave in the 7,,, —7/2, is accounted for in the relative phase
difference. Overall, the Z4c and CCZ4 solvers produce very similar results that, even though
they contain small but acceptable amounts of constraint violation, behave stably and do not
produce any significant errors in the evolution of the linear waves. These results compare
favorably with similar tests of Z4c and CCZ4 solvers performed in Cao & Hilditch (2012);

Daverio et al. (2018); Daszuta et al. (2021).

6.4.2 Black Hole Stability

The next test examines the ability of the spacetime solvers to maintain a stable black hole
solution. These tests will further assess the constraint-damping properties and accuracy of
the Z4c and CCZ4 solvers. Additionally, the challenges of using adaptive mesh refinement
(AMR) in these problems will be examined.

An initial Schwarzschild black hole in horizon-piercing isotropic Cartesian coordinates

will be used in these simulations. The Schwarzschild solution in isotropic coordinates is
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conformally flat, so it is straightforward to set the initial Z4 conformally-related and gauge
variables. In these coordinates, the spacetime time for a Schwarzschild black hole of mass

M is described by the lapse and spatial metric (Baumgarte & Shapiro, 2010)

«

11— M/(2r) . (

M 4

2r

where 7, j is the Minkowski spatial metric; the shift vector and extrinsic curvature are zero.
In these coordinates, the event horizon of the black hole is located at » = M/2. In all
simulations, the black hole mass will be set to M = 1.

A first test was ran using a three-dimensional uniform grid with cell-sizes Az = Ay =
Az = 0.0125. For practical purposes, the grid is limited to a long thin slice of size 512 x 4 x 4
spanning 0 < z < 6.4 and 0 < y,2z < 0.05. A reflective condition is used at the z,y,z =
0 boundaries, an outflow condition is used at the outer z-boundary, and the outer y,z
boundaries are set analytically as to not produce excessive constraint violations near the black
hole. Ideally, radiative or constraint-preserving boundary conditions should be enforced at
the outer boundaries to prevent the inflow of constraint violations (Ruiz et al., 2011; Hilditch
et al., 2013), but the required ability to evolve data in the guard cells at these boundaries
is not currently available in the MoL time-integrators Flash-X.2 The Z4c simulation sets
the damping parameters to k1 = 0.07, ko = 0, and 1 = 2, while the CCZ4 simulation sets
k1 = 0.1, kg = 0, k3 = 1, and n = 2. Kreiss-Oliger dissipation is set to ¢ = 0.02 for Z4c,
and 0 = 0.2 for CCZ4. As with the linear wave tests, these parameters require tuning for
each simulation.

The results for the Z4c solver are displayed in fig. 6.26, and show the maximum constraint

2The MoL time-integrators store the intermediate states’ right-hand side terms in grid-managed scratch
memory, which does not contain guard cells in all grid implementations.
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violations on the grid at each time-step as measured by the Hamiltonian constraint H from
Eq. (5.20), the magnitude of the momentum constraint M = /M, M’ using Eq. (5.20), the

timelike (©) and spatial (Z?) projections of the Z4 vector, and a combined constraint monitor

C = \/ H2 + Mi/\/li + 0624+ 4Z; Zt. The levels of constraint violations approach and remain
steady around time ¢ = 100. The CCZ4 results are displayed in fig. 6.27, and show the
maximum Hamiltonian constraint violation at every time-step; the current implementation
of the CCZ4 solver does not output the additional monitors at every time-step yet. In
this case, the constraint violations stabilize much sooner around a time ¢ = 20, albeit the
oscillatory pattern damps out more slowly than the Z4c case. For both sets of results, the

region inside the event horizon is excluded from the calculations of the maximum constraint
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Figure 6.26: Results of the Schwarzschild black hole stability test performed by the Z4c
solver using a uniform grid.
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violations; these will be much higher in this region, but this region is acausally disconnected
from the exterior of the black hole. In all cases, these results compare favorably with similar
tests performed in Weyhausen et al. (2012); Clough et al. (2015), and validate the ability of
the Z4c and CCZ4 solvers to evolve black hole spacetimes.

Further simulations were performed with the solvers to test compatibility with the AMR
capabilities in Flash-X. The same general setups were used, but the long, thin slice near the
r-axis was extended to cover a domain 0 < z,y < 3.2 and 0 < z < 1.6, with a base resolution
of Ax = Ay = Az = 0.1. Paramesh was used as the AMR backend, with three levels of
refinement, and the ratio of the second- and first-derivatives of the conformal factor was

used as the refinement criterion (this is currently the only criterion available in Flash-X).
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Figure 6.27: Results of the Schwarzschild black hole stability test performed by the CCZ4
solver using a uniform grid.
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This criterion was sufficient to further resolve the grid in the vicinity of the black hole.
Simulation-specific overrides of the AMR interpolators allowed for the use of the fourth-
order interpolation scheme in Paramesh; without these overrides, higher-order interpolators
are currently inaccessible via the Flash-X interface to Paramesh.

The Z4c solver managed to evolve the spacetime stably for a short time until ¢ = 10,
but the constraint violations rapidly build up and prevent the simulation from running
anywhere near as long as its uniform grid counterpart. The CCZ4 solver’s AMR simulations,
however, become unstable within a few time-steps due to large constraint violation build-
ups. Figure 6.28 shows the more rapid build-up of the constraint violations, including a much

higher initial violation of the Hamiltonian constraint that results from the initial refinement
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Figure 6.28: Results of the Schwarzschild black hole stability test performed by the Z4c
solver using AMR.
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of the grid after setting the initial data. Again, these results exclude the region inside the
event horizon, where the constraint violations are much higher. These constraint violations
quickly outpace those in the uniform grid simulations, leading to an unstable evolution.
Further examination of the results for the Z4c AMR simulations shows not only a build-
up in constraint violations after the initial grid refinement, but also during guard cell filling
operations across the refinement boundaries. Figure 6.29 shows the spatial dependence of
Hamiltonian constraint violation in the layer of cells adjacent to the xy-plane at a time
t = 1, and includes an overlay of the blocks at different refinement levels. While the largest
constraint violations exist inside the event horizon as expected, a clear pattern of higher levels

of constraint violations can be seen propagating outwards from the refinement boundaries.
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Figure 6.29: Spatial distribution of the Hamiltonian constraint violations at a time ¢ = 1
during the evolution of a Schwarzschild black hole performed by the Z4c solver using AMR.
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At a later time ¢ = 10, these constraint violations have spread throughout the domain, as
can be seen in fig. 6.30. The build-up is significantly worse near the region just outside of

the event horizon, leading to the subsequent unstable evolution of the spacetime.

100
3.0
102
2.5
L 1_0—4
2.0
>, -10-% =
1.5
- -8
1.0 - 10
0.5 J 10710
|
0.0 ‘-. Il' T T T T T 1.0_12
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 6.30: Spatial distribution of the Hamiltonian constraint violations at a time ¢ = 10
during the evolution of a Schwarzschild black hole performed by the Z4c solver using AMR.

The use of AMR is essential for practical simulations of dynamic spacetimes. Based
on these initial tests, the current AMR capabilities in Flash-X are not compatible with the
requirements for these simulations, as high levels of constraint violation are introduced during
the initial refinement operations and guard cell filling across refinement operations. Further
study is necessary to fully understand the cause of these failures. Continuing work seeks
to remedy these issues and provide more robust and accessible capabilities for higher-order

interpolation across refinement levels, as well as improving and adding refinement criteria
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more suitable for use in evolving a dynamic spacetime.
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Chapter 7

Summary

This work has presented a series of general relativistic radiation transport, hydrodynamics,
and spacetime solvers for use in simulations of neutron star mergers (NSMs) and core-collapse
supernovae (CCSNe). These simulations are sensitive to the methods and approximations
made, particularly for how neutrinos and their interactions with matter are included. The
formalisms presented here have all been implemented and tested in Flash-X. Work continues
on coupling these solvers and developing additional capabilities necessary for performing the
large-scale multi-physics simulations required for NSMs and CCSNe.

A new general relativistic moment evolution scheme for general relativistic neutrino ra-
diation transport using a novel frequency discretization was presented in chapter 3. This
scheme utilizes the tried-and-tested M1 formalism that allows for more detailed calculations
than simpler methods, like neutrino leakage schemes, while providing increased computa-
tional efficiency over methods that try to directly tackle solving seven-dimensional Boltz-
mann equations for the neutrino distribution functions. A pseudospectral discretization of
the neutrino frequency “axis” permits direct use of the monochromatic moment projections
and offers computational savings by requiring fewer overall points in frequency space as com-
pared to the more commonly used frequency-bin method. This leads to a smaller memory
footprint and increased efficiency and accuracy in calculating the frequency derivatives and
integrals present in the redshifting and neutrino-matter interaction source terms. The im-
plemented GRM1 solver’s capabilities in flat and curved spacetimes, in the optically thin and
thick limits, and its treatment of velocity-dependence at relativistic velocities were verified

with a rigorous battery of test problems as presented in chapter 6.
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A high-order finite-difference scheme for general relativistic hydrodynamics was presented
in chapter 4. Reconstruction of the characteristic fluxes robustly captures shocks and other
discontinuities that may form in the fluid. In chapter 6, the implemented GRFD solver was
verified to resolve such features in the presence of relativistic velocities in both flat and
curved spacetimes. Additionally, the implementation of the formalism proves compatible
with the adaptive mesh refinement (AMR) capabilities in Flash-X, providing a basis for
continuing work on improving the AMR capabilities for all of the new and future general
relativistic solvers.

A set of dynamic spacetime solvers utilizing the Z4 formalism were presented in chapter 5
alongside a new suite of code generation utilities for translating the often tensor-algebra-
heavy equations into usable Fortran code. The Z4c and CCZ4 solvers provide constraint
damping and propagation schemes for stably integrating Einstein’s equations of general rel-
ativity describing the structure of spacetime. The new code generation utilities connect the
robust symbolic tensor algebra module in the Python symbolic algebra package SymPy to
improved Fortran code generation and printing capabilities. The behavior and accuracy of
both solvers were verified in chapter 6, but they also demonstrated less-than-ideal compati-
bility with the AMR capabilities in Flash-X. The use of AMR is absolutely crucial for the
highly dynamic spacetimes outside of compact objects, and work continues on mitigating the
constraint violation errors produced across refinement levels and developing new refinement
criteria suitable for use in NSM and CCSN simulations.

All of these solvers have been implemented in Flash-X along with supporting infras-
tructure and capabilities for tying everything together. Chief among these is the new time-
integrators using a method-of-lines (MoL) time discretization, which provides an alternative

to the rudimentary operator-split method that delegates time-integration responsibility to
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each physics solver on a turn-by-turn basis. The new discretization allows for more con-
sistent coupling of the equations managed by each solver on a per-stage level of a shared
common time-integration scheme. A series of explicit-only, implicit-explicit, and implicit-
explicit multi-rate methods are provided, and are easily extended with the addition of new
Butcher tableaus.

For the eventual application of these solvers to simulations of NSMs and CCNSe, there
are some remaining challenges to address. Improvements and extensions of the AMR ca-
pabilities in Flash-X are underway. Higher-order interpolation methods for prolongation
and restriction operations across coarse-fine boundaries are necessary for minimizing the
build-up of constraint violations when filling guard cells and creating new refinement lev-
els. Spacetime-aware refinement criteria will also be necessary for such tasks as ensuring
coarse-fine boundaries are not near an apparent horizon, which could lead to the acausal
propagation of information.

Generating constraint-satisfying initial data for NSMs and CCSNe and incorporating it
into Flash-X will also be necessary. The ideal solution will make use of publicly available
utilities, such as the spectral solvers for initial data provided in the LORENE (Gourgoulhon
et al., 2001; Taniguchi et al., 2001; Taniguchi & Gourgoulhon, 2002a,b, 2003; Bejger et al.,
2005; Grandclément, 2006) and Kadath (Grandclément, 2010; Papenfort et al., 2021) codes.
An interface between solvers such as these and Flash-X will allow the rapid development of

initial data for running sequences of NSM and CCSN simulations.
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APPENDIX A. Conventions
A.1. Notation

Throughout this work, the standard metric signature (—, +, +, 4+) used in numerical relativity
will be assumed. All tensors will be indexed by the lower-case Latin letters a,b,c,..., and
assume values of 0,1, 2,3 for full four-dimensional spacetime components, where 0 is the
time component, and 1, 2,3 are the spatial components. However, the indices i, j, k,[,m,n
will refer strictly to spatial-only index values of 1,2, 3. The choice of Latin indices in lieu of
the more commonly used Greek indices is made to avoid confusion with various quantities,
such as the lapse « and shift (3, as well as the use of v and ¢ as subscripts specifying the
frequency and species of a neutrino. The restrictions on the index values do not apply when
explicitly appearing in summations where their limiting values are given.

All symbolic tensor equations will assume the Einstein summation convention unless
otherwise noted. All covariant-contravariant pairs of “dummy” indices will imply summation

over all possible index values, e.g., computing the contraction
vivi = vyvl + v2v2 + v3v3. (A.1)

Free indices do not imply summation, even when repeated, and represent a set of values or
equations for specific tensor components. For example, lowering the index of the velocity v/

with the spatial metric ~; j using this convention takes the form

1 2
v = 10" + 71907 + 1307,
v =% = vy = 910t 0”4 30, (A-2)

1 2
vg = 310" + 73207 + 7g50°.
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For instances where a repeated index appears on one side of an equation but in two covariant
or contravariant slots, this will represent only a subset of the tensor’s components, e.g., 7,

refers to only the diagonal components of the spatial metric.
A.2. Geometrized Units

A geometrized systems of units will be used throughout this work to simplify the notation
in the numerous equations as well as to provide reasonable numerical values for the scales
present in neutron star mergers and core-collapse supernovae simulations. The constants
G = c= Mg =1 will be used, where GG is Newton’s gravitational constant, M is the mass
of the sun, and c is the speed of light in a vacuum. The implementations of the solvers
presented in this work use the CODATA 2014 (Mohr et al., 2015) and Particle Data Group

2016 Summary Tables (Patrignani et al., 2016)

G =6.67408 x 1078 cm3 g~ 1572, (A.3)
¢ = 2.99792458 x 101V cms™!, (A.4)
Mg = 1.98848 x 1033 g. (A.5)

In this system of units, the basic scales for mass [M], length [L], and time [T] are set to

es

M= Mo, [1]=52, )=

3

[T] = (A.6)

Derived units for areas, volumes, densities, energies, pressures, and opacities can be written

in combinations of these units. All quantities measured by these units will be given in units

L The use of these older sets of values is for compatibility with values used throughout Flash-X.
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of either powers of M or ¢, providing a convenient scale for neutron star mergers. Neutron
stars have masses of O(M) and radii of (9(106 cm), which gives masses of O(1) and radii
of O(10) in geometrized units. Velocities are then simply fractions of the speed of light, such
that the magnitude of any velocity v is limited to values 0 < v < 1.

Temperatures are treated differently for compatibility with nuclear equation of state
tables. These tables typically represent temperatures as energies measured in MeV. This is
accomplished by setting the Boltzmann constant kg = 1, which in units of MeV per Kelvin

is (Mohr et al., 2015)

kp = 8.6173303 x 10~ MeVK ™. (A7)

This allows both temperatures and neutrino frequencies (when further assuming the Planck

constant A = 1) in neutron star mergers to take average values ranging from ones to hundreds

of MeV.
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APPENDIX B. Tolman-Oppenheimer-Volkoff Equations

The Tolman-Oppenheimer-Volkoff (TOV) equations, named after the authors of Tolman
(1939); Oppenheimer & Volkoff (1939), describe the static equilibrium solution for relativis-
tic stars. Solutions of the TOV equation are commonly used to describe cold, non-rotating
neutron stars. This appendix provides a brief overview of the TOV equations and an alterna-
tive form more suitable for numerical integration. The standard form of the TOV equations
is based on the presentation in Baumgarte & Shapiro (2010), and is summarized here for
reference.

Assuming a spherically symmetric spacetime containing an ideal fluid sphere described

by an equation of state p(p, €), the line element of the metric takes the form

ds? = —e2®(1) q¢2 4 2A) qp2 4 42 02, (B.1)

where ®(r) and A(r) are two metric potentials that only depend on the radius, and dQ2 =
d6? + sin? 0 d¢? is the differential solid angle on the unit sphere. Since the solution in the
region exterior to the star must match the Schwarzschild solution, A\(r) can be related to the

enclosed mass of the star m(r) as

Q2A(r) _ {1 — 2m(r)} _1_ (B.2)

m(r > R) = M, B3
)\(T>R):—%ln(1—¥> |
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everywhere outside of the star. Using the spacetime metric described by Eq. (B.1) in the
Einstein field equations, Eq. (5.1), along with the stress-energy tensor of an ideal perfect
fluid in Eq. (4.1), the interior solution for the static equilibrium of the star, i.e., for r < R, is

described by the system of differential equations for the mass, pressure, and metric potential

o(r)

E = 47'('7'26, (B4)

do _m+ 473

el L I B.5
dr  r(r—2m)’ (B.5)

dp do
- il B.6
dr (e+p) dr’ (B.6)

where e = p(1 + €) is the total energy density.
Each possible solution is determined from the central values

m(r=0)=0, p(r=0)=pe, (B.7)

where p. is the central pressure; other thermodynamic quantities relate to this pressure
via the fluid’s equation of state. The central value of ® is not necessary for integration
since Eqns. (B.4)—(B.6) only depend on the derivative of ® but not its actual value; this
will typically be set to zero and later matched onto the Schwarzschild solution. With these
initial conditions, Eqns. (B.4)—(B.6) can be integrated out to the surface of the sphere.
Unfortunately, outside of a constant density solution, there is no way to determine the
radius R of the surface from the initial conditions alone. The surface will be located where
the pressure goes to zero, i.e., p(r = R) = 0. Directly integrating Eqns. (B.4)-(B.6) will

require checking this condition at every integration step, and repeating the final step at
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increasingly smaller radial step sizes to find the exact location without stepping past the
surface of the star.

Instead, it is simpler to recast Eqns. (B.4)—(B.6) as derivatives with respect to the pres-
sure, such that the equations can be integrated over the domain p. > p > 0. The new system

takes the form, including a new equation for the radius of the star

do 1

e 1 B.8
dp e+p (B8)
dr r(r—2m) do

= = B.9
dp  m4+4nr3pdp’ (B.9)
dm o dr

— =4 —. B.1
i o edp (B.10)

These equations can now be integrated out to p = 0 by any explicit integration method
suitable for initial value problems, such as the classic fourth-order Runge-Kutta method.
Once the surface of the star has been found, the metric potential ®(r) can be found by

matching it onto the Schwarzschild solution
1 2M
O(R) = éln (1 — —), (B.11)

which can then be used as an offset ®(r < R) to determine the interior solution. The full
exterior solution for r > R is then just the Schwarzschild solution in terms of the mass M.

The TOV equations do permit an analytic solution for the case of uniform density. This
limiting case shows that the maximum compactness of a non-rotating relativistic star is
M/R < 4/9 (Baumgarte & Shapiro, 2010). Please refer to Wald (1984); Rezzolla & Zanotti

(2013) for more on the uniform density solution.
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APPENDIX C. Eulerian 341 Decomposition of the Spacetime
This appendix summarizes the 3+1 decomposition of the spacetime commonly used in nu-
merical relativity as presented in Baumgarte & Shapiro (2010), and will highlight some of
the necessary concepts and identities used throughout this dissertation. In a 3+1 decompo-
sition, the full spacetime is split into spacelike hypersurfaces >+ of constant coordinate time
t as measured in the frame of a distant Eulerian observer. In this frame, the four-velocity of

the Eulerian observer is timelike and normal to ¥, and it is defined as
na - _OéVat7 (Cl)

where the lapse function « characterizes the separation between the spacetime hypersurfaces.

In this 341 decomposition, the invariant line element takes the form
ds? = gy daz® dz® = —a2df? + v, (dxi + 4 dt) (dxj Y dt), (C.2)

where g, is the spacetime metric, % is the shift vector characterizing the coordinate shift
from one hypersurface to the next, and ~;; is the spatial metric on ¥;. Using the normal-
ization ngn® = —1, Eqns. (C.1)—(C.2) show that the Eulerian four-velocity can be written

as

Ng = (—oz,Oi), n% = <oz_1,5i), (C.3)

where 07 is the spatial zero-vector.

The spatial metric v;; acts as a projection operator onto ¢, and from Eqns. (C.2)-(C.3)
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it follows that

Yab = Gab + Nalyp- (C.4)

Since yabnb = 0, it is useful to note that 40 = 0, and for spacelike vectors in the Eulerian
frame, 7, plays the role of the metric, e.g., for a spatial vector v’ the spatial components
of the corresponding one-form are v; = %'jvj :

Terms containing covariant derivatives of the Eulerian four-velocity are commonly en-
countered when projecting evolution equations into the spacelike hypersurfaces. Using

Eq. (C.1) and Eq. (C.3), some useful identities involving these covariant derivatives are

n*Vyng = Vi(nng) — ngVyn® = —nVyn, = 0, (C.5)

where the final step follows from the compatibility of the covariant derivative with the

spacetime metric, i.e., V4. = 0, and

nbena = 'ybaVblnoz = Ogln a. (C.6)

The extrinsic curvature of the spacetime hypersurfaces relative to the full spacetime can be
characterized by the change in the Eulerian normal four-velocities. With the relations in

Eqns. (C.5)—(C.6), it is given as

K, = —Viyng —nynVeng = =Viyng — npdg In (C.7)

from which it follows that n®K;, = 0. For spatial vectors, it follows from Eqns. (C.2)—(C.3)
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that
ngv® =nvg =0 = g = (Ujﬁjﬂfz‘), (C.8)

leading to some useful identities involving the Eulerian four-velocity and spatial vectors

n*Vyvg = Vi(nve) — v4Viyng, = —0"Vyng, (C.9)
and
on® N 0 (1 L 0 (1 1ok w0k
Yo = <Uk6 >8xb (04) o [B (9xb(04) T ozt | o« 9’ (C-10)

In a 341 decomposition of the spacetime, the covariant divergence of a tensor Q“bc can

be written as

1 0
b b b d d b
VaQe = L /5 o (avAQ™e) + 4@ = T @, (C.11)
where the Christoffel symbols are
1 99cd | O9pd  Ogp
re, = gt = — =), C.12
be = 39 (&Bb * dx¢  Oxd ( )

The Christoffel symbols in Eq. (C.12) are only valid when working with a coordinate basis,

which will always be the case throughout this work.
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APPENDIX D. Deriving the Moment Evolution Equations
This appendix provides the lengthier parts of the derivation of the radiation transport mo-
ment evolution equations presented in chapter 3. The covariant derivative of the arbitrary-
rank moment expansion, Eulerian-projection of the second-rank moment, and the projection
of the redshifting frequency-space advection term will be considered separately, and will
make use of the 341 split spacetime and various identities covered in appendix C. In all of
the following derivations, the explicit frequency-subscript will be dropped for clarity — all

radiation quantities will be assumed to be for a specific frequency v, e.g., E = E(V).

D.1. Covariant Derivative of the Moment Expansion

This section derives the evolution equations for the moment expansion of radiation distri-
bution function. With a more compact notation, the arbitrary-rank moment expansion is

repeated here for convenience

1e\k—2
(_Ucp C) akEAk

O (v + uep'
MA% = M4k (xb> = /d‘/;)/ M H P/ f(yl), (D.1)
where f( o) = f <xb, P’ a>. Taking the covariant-divergence of Eq. (D.1) with respect to the

b

spacetime coordinates z” results in the three separate terms

VMR = (v 04K L+ (v, 4] ,* el ) (D.2)

where the first term contains the gradient of the J-function

dv,
VM| = — / =1 i | A LA, [p'CVbuc—
k-1 v _ Ic
[ }1 (—uep/®) apedy () O(—ue
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the second term contains the gradient of the powers of the frequency in the denominator

[VbMAkbL: / d%,M [T 7% )9 fn [k =D Viue],  (D.4)

k
(—Ucp,c> a’k’eAk‘

and the final term contains the gradient of the distribution function

k-1

S(v + uep'®
[VbMAkb} = / vy Oy +uer) [T » |»"v, Fr): (D.5)
3 (_ucplc) akEAk,

The goal is to rewrite each of these in terms of various ranks of the moment expansion

in Eq. (D.1). For the first term, integrating by parts allows writing Eq. (D.3) as

b, /Ic - .
PP w) 0[8(v + ucp')]
o V dv/ /CLk - /c C
bUC/ ! akg‘lkp (—ucp/®)" ( ) —ucp/) |
/b Ic r 7
= — Viue / avy | I 2% P (9] (zuep /6)5('/,+ cr”)] : (D.6)
apedy (—ucp’c)k i O(—ucp'©) _

where the additional derivative term of the form 3(—ucp’c) / 8(—ucplc) goes to zero un-
der integration is suppressed in the final result. Next, applying the J-function identity

ylyd(x — y)] = —0[zd(z — y)] allows further simplification of Eq. (D.6) into the form

/b /Cf y Ie
Viue [avy | T oo it >[8[v6(v+ucp )]]

aj, €Ay, (—uep’®)F v
) 5o+ )
_ % I/Vbuc/d‘/},/ H p/ak p/bp/c - k(”)
akEAk <_Ucp )
- %(VMAkbCVbuC). (D.7)

For the next term, pulling momentum-independent quantities outside of the integral
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allows Eq. (D.4) to be written as

S(v + uep’©
M H p'% p/bplcf<yl> = (k- 1)MAkbCVbuc. (D.8)

(k — 1)Vbuc/de/ R
c ak‘EAk

The final term involves the covariant derivative of the distribution function, which reduces
to a simple partial derivative since f(l//> is a scalar function. As the moment expansion is
valid only for specific values of the frequency v, the Boltzmann equation in Eq. (3.6) at a

fixed momentum-coordinate can be used to further simplify Eq. (D.5)

/de/ 5(” + Ucilcz H D% p/baf(’/b/)
(—uep'®) aped, ox

_ v, §(v + uep’®) H 2% | (—ucp) df

p (_u rc\k—1 /b dt

P ) ap€A, p coll
6 (v + uep'®) df

e 1 ) 2]

P (—uep’®)™™ ap€A; dt | con.
— 54k, (D.9)

Collecting these results together shows that the evolution equation for an arbitrary-rank

of the moment expansion is

0
v, MAkb — @( MAk-bCVbUc> — (k= )M e = 54k, (D.10)

D.2. Eulerian Projection of the Second-Rank Moment

The radiation energy and momentum density equations, Eqns. (3.39)—(3.40), are obtained

from taking the Eulerian projection of the second-rank moment evolution in Eq. (3.21).
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The radiation energy density equation results from projecting Eq. (3.21) along the Eulerian

observer’s four-velocity n
ab Q abc _ a
ne VM 5 vng MY Viyuc | = ngS®. (D.11)
v

The final two terms in Eq. (D.11) are already in the form of those in the evolution equations,

so the first step is to expand the covariant divergence in the first term as
naVyM® = Vb<naMab> — M®Vyn,. (D.12)
Taking the projection of Eq. (3.32) along n®
ngM® = —Fnb — F?, (D.13)
and using Eq. (C.11), the first term in Eq. (D.12) becomes

Vb<naMab) - —Vb(Enb + Fb)

= _%% [a\/f_y(Enb + Fb)]
VAR e [A(er - BE)]

Making use of Eq. (C.7), the second term in Eq. (D.12) is

ol
MO yng = (Bna® + Fnl o Fou® + P (Kab - —a;l—aa>

Olna
ox®

= PYK;; — F° (D.15)
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Combining Eqns. (D.14)-(D.15) in Eq. (D.12) and using the result for the first term of

Eq. (D.11) yields the radiation energy density evolution equation

OE 0 - 0 ~
e T ) J -~ abc
e + 5 <aF Ep ) + By (l/anaM Vbuc>
(Pw K;; — F 88121.0‘ - na§a>, (D.16)

where the tilde-quantities are once again the densitized moments, e.g., E = VIYE.
The radiation momentum density evolution equation results from the spacelike projection

of Eq. (3.21)
0
Yia VoM™ — 3 (V%‘aMachbUc> = YiaS". (D.17)

In a similar manner as the timelike projections, the first term in Eq. (D.17) can be written

as
YiaVM® =V, (’YmMab> — MV ;4. (D.18)
Taking the spacelike projection of Eq. (3.32)
YiaM® = Fin? + PP (D.19)
and using Eq. (C.11), the first term of Eq. (D.18) becomes

Vi <7iaMab> =V, (Fﬂlb + sz>
= &\1/_ 6817 [a\/_<Fn + Pb )} _ [‘Cl_chnb N Fcibpbc' (D.QO)
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The first term of Eq. (D.20) is then

1 0

- [a\/_<Fn + Pb )] a/\/_at[\/_ k] oz\/_ 8.%7 [ﬁ(apji - Fzﬁj>} (D.21)

Oz\/_('?x

Using Eq. (C.3), Eq. (C.7), and Eq. (C.10), the second term of Eq. (D.20) becomes

_Fcszcnb - _Fcrcblnb

on®
_ dv .
=—F, (gc v 8:Ei)

Iy 053
FdVan - %
. F; 99
_ . J
= FJKW A (D.22)

Using Eq. (C.12) and noting that g;; = 7;;, the third term in Eq. (D.20) becomes

1 O9pa | 99ia  Ogip
_1c. Pb _ __Pb cd id Y9y
s ¢ 2 ot * ozt Oxd

1 Mk i 0Vij
— P]k ]. Z. _ J
2 <8xl * oxJ Oz
1107k
= QPJk (’hji : (D.23)

where the final two terms cancel under contraction due the symmetry of P/¥. Finally, using

Eqns. (C.6)—(C.7) and Eq. (3.32), the second term in Eq. (D.18) becomes

— MOy, = — (Enanb + Fnl + FPp® + Pab> (Vpgia + 1 Vona + naVyn;)
— En’Vyn; + F'Vyn;

- Ea;;o‘ — FIK; (D.24)
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In total, using Eqns. (D.18)-(D.24) in Eq. (D.17) gives the final form of the momentum

density equation

o D s o D
8_/?} + @(O&Pi Zﬂ ) — —V<I/Oz’ymM “Vuc )
= 07 087 a
« k 'Y]k 6
= §PJ o + I 5t (9 =+ 7ig " (D.25)

D.3. Eulerian Projection of Frequency-Space Advection

The core of the frequency advection term involves the contraction of the third-rank moment
expansion of the distribution function (k = 2 in Eq. (3.7)) and the covariant derivative of the
co-moving observer’s four-velocity. While both of these quantities are most easily defined in
the co-moving frame, it is much easier to evaluate this term using their Eulerian projections.

Making use of Eq. (3.69), the resulting contraction takes the form

MYV e = [Qnanbnc + R%Pn¢ + RPnn® 4+ Rén®n®
+ Sabnc + Sacnb + Sbcna + Tabc}

ow
X {Wvbnc + Ne—-

b + Vb(ch)] . (D.26)

Using Eqns. (C.5)—(C.6) and Eq. (C.9), the first term of Eq. (D.26) becomes
oW 5 tn nCVvac}

Qnn b {Wvbnc + Ne— o + Vb(WUC>} = Qn" [_

Oxl 20
= Qn® {— gz/ — WnvaVbncl
ow Olna
_ —Qna[ bax + WP 7 ] (D.27)
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from which the second term of Eq. (D.26) can be found in the same exact manner as

Using Eq. (C.5),

oW :
RPn® [WVbnc e+ Vb(ch)} = naR{

from which the fifth term in Eq. (D.26) follows as

5bpe {WVbnc - nc% + Vb(ch)} — 5w [
T

LW

+ Wwo
Ol

kalna} (D.28)

oxk

Eq. (C.7) and Eq. (C.9), the third term of Eq. (D.26) becomes

ow
oxt

+Mv<wwﬂ
{ Ly, (nj)}

= aRZ |: - WUJKZ]:| ) (D29)

ow

o (D.30)

- WU]KZJ:| .

Using Eqns. (C.5)—(C.6) and Eqns. (C.9)—(C.10), the fourth term in Eq. (D.26) is

Rn® {Wvb”c + ne gW + Vb(WUC)]

— naRz

— naRz

— naRz

— naRz

Oln o
o’
Olna

w

w

Olna

W —-
ox?
Olna

VV(92

ox’

+gwmvaww>]

+7in

Yigh

+'sz

p OW vl

or Ta.b
p Wl

or Ta.b
b@Wv

oxb
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dxd
Wk 8ﬁ3
oxk |’

+ gicWv (Vdnc -

on¢ )

WK iy (D31




from which the sixth term in Eq. (D.26) can be found as

ow
SaC b |:WVbnc + nc a + Vb(W/UC)

— gui [Wa;% + %jnb% — Wl K + 9i—— Wk gfj (D.32)
Using Eq. (C.7) and Eq. (C.12), the seventh term in Eq. (D.26) is
sbepa {Wvbnc + ncgw + Vb(ch)]
s :ijnz- +9i VY <va)}
st [k e U (G - )
— n®S% _—WKij + Vik a?;?k + W;k gf,g ] , (D.33)

where the last line follows from S¥ = S$7%. Finally, the last term in Eq. (D.26) can be found

in the same manner as Eq. (D.33) as

oWk Wk v,

) oW .
T C[WVbnc+nc 30 +Vb(ch)] =T —WK;j + v, 5 > ook (D.34)
In full, using Eqns. (D.27)—(D.34) in Eq. (D.26) give
1
MabCVbuc — _[ baW + W ka HO(:| (naQ —|—Ra)
b Oxk
oW Olna , OW v Wk 95 @ i ai
| O - ot T T T T gk <n B+s >
[ 8W1)k va &mj a i . s
— N _ J arj
Wi =ik e (n Sy ) (D.35)
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APPENDIX E. Practical Expressions for the Fluid Frame Projections
Many calculations associated with solving the projected evolution equations require express-
ing the co-moving frame projections for the energy density J and momentum density H%
in terms of the evolved Eulerian frame projections E and F'*. While these quantities can
be interpolated via the closure relation in a similar manner as the pressure tensor, a more
efficient approach is to collect the terms common to both limiting forms in addition to those
specific to each limit. This appendix will present the expressions for these terms in forms
aptly suited for numerical computation, using a notation similar to the ones in Radice et al.
(2022); Cheong et al. (2023).

To begin, the second-rank moment expansion in the Eulerian frame is written in terms

of the closure-interpolated pressure tensor as

M® = Enn® + FOn® 4+ F'n® 4 dyin PA% L+ diiek P8 o

= M§® + diin M+ dipiac M3 (E.1)

where each M/ represents the common terms (zero-subscript) and optically thin and thick

terms, and the d;y;, and dip;e are the interpolation coefficients

3 -1 31 —
dinin = %, dihick = %7 (E.2)

such that dipi, + dinick = 1. Projecting Eq. (E.1) via Eqns. (3.27)—(3.28) allows writing the

co-moving frame projections in the form

J = By + dipin Bihin + dehick Bthick (E.3)
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Ha - A8 + dthinA‘?hin + dtthkAtahlck (E4)

For the energy density, the projected coefficients follow from Eq. (3.27) as

By = W? <E - QUiFi), (E.5)
A\ 2
Bun = W2E(vif'), (E.6)
w2 -1 .
Binhick = m [(3 — 2W2>E + 4VV21)Z'FZ . (E7)

The momentum density is obtained similarly by projecting each term in Eq. (E.1) via

Eq. (3.28)

6= Afjn® + A + AL P, (E.8)
P
ghin = A?hinna + Aé}hinva + Athin a? (EQ)
F
thick = Athick™" + Athiek?” + Athic " (E.10)

For the common terms shared by both limits, the coefficients are

Al = —W(B B+ ka’f>, (E.11)
AY = —WB, (E.12)
Al =w. (E.13)

For the optically thin terms, the coefficients are

thin = —W Bthin, (E.14)
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v
thin — _WBthim

ro_ ok
Atpin = W ™

Finally, the optically thick coefficients are

where v2 = %-jvivj.

(E.15)

(E.16)

(E.17)

(E.18)

(E.19)

The higher-rank projected co-moving frame moments follow directly from performing the

closure interpolation between the optically thin and thick limiting forms. For the second-

and third-rank projections, these interpolations take the form

b b b
La = dthinLtC;Lhin + dthiCkLghjcka

b b b
N = dininNihin T ihick Vihick-
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APPENDIX F. Neutrino-Matter Interation Source Term Jacobian
For the neutrino-matter interaction source terms in Eq. (3.107), the included interactions do
not couple the neutrino species nor frequencies to each other. This leads to a block-diagonal
matrix equation for the implicit update of these stiff terms, allowing each block corresponding
to a single neutrino species and frequency to be updated independently. In the following,
all radiation quantities are assumed to be frequency-dependent, but the explicit v-subscript
will be suppressed for readability. For this case, the Jacobian of the interaction source terms

required for the implicit update is

st s
os _ | "oE MoF, (F.1)
oUu dS; 05, '
OF OF;
Using Eqns. (3.100)—(3.101), the elements of the Jacobian are
05 oJ oH“
—naa_E = _W’iabs.a_E + (Kabs. + Hiso.)naa—Ev (F.2)
05 aJ oH"
_naﬁ_Fj = _W"Jabs.a—Fj + (Kabs. + Hiso.)naa_};}y (F.3)
d5; oJ OH,;
05; oJ OH,;
8F; = _Wﬁabs.a_};jjvi — (Kabs, + Kiso.)a_F;a (F.5)

where H; = ~;,H® For each of the co-moving frame quantities, these derivatives can be

written in terms of the closure interpolation as

0J OB 9By OB ek
9E ~ OE + dinin (‘)SEIH + dthickﬁa (F.6)
aJ 0B aBthin d aBthick (F7)

o5 = A, 1 thi + dthick :
8Fj 8Fj 1n 8Fj ! 8Fj
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and

Ng 88}][; = na% + dthin (na 81;%“1) + dihick (na%) , (F.8)
Ng O;Za = nag—éj + dthin <”a ag%_in) + dihick (na%ﬁ;c}{) , (F.9)
%Fg = 88% + dhin (81%?1](1) + dihick <—8Aggmk> : (F.10)
ggj = g?j + dthin (%) + dihick <—8Aai’}?mk) : (F.11)

Using Eqns. (E.5)—(E.7), the terms in the derivatives of the co-moving frame energy density

are
0B 9
R 1
O0Biy; A\ 2
S = (vk fk> , (F.13)
OF 2W2 +1 ’ '
and
(9B . 2 ]
OBinin  2W2Euif¥ 1 ok 7
S TVES ()] wan
OBihick _ 4W? (W2 — 1) " (F.17)
OF; 2W2+1 '

For the co-moving frame momentum density, instead of considering the derivatives of H%
with respect to £ and Fj directly, it will be simpler to consider the timelike and spacelike

projections separately. Using Eqns. (E.8)—(E.10), the derivatives of the timelike projections
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Similarly, the derivatives of the spacelike projections are
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APPENDIX G. Time-Integration Tableau
The method-of-lines (MoL) time-integrators in Flash-X can easily be extended with new
Butcher tableaus. FEach of the three types of integrators, explicit Runge-Kutta (ERK),
implicit-explicit (IMEX), and multi-rate (MR), contain a tableau directory. To add a new
method, a new subdirectory with the name of the method must be created in this directory,
e.g., tableau/rk4 for the classic fourth-order Runge-Kutta method. This subdirectory must
contain a Flash-X Config file that defines the number of stages and the order of the method,
as well as the required number of intermediate states to be stored; see code snippet G.2 for an
example Config file. Each method must also provide an implementation for the integrator-
specific subroutine that sets the values in the tableau. An example for the RK4 method in
the ERK integrator is provided in code snippet G.1. The remainder of this appendix lists

the currently available methods in Flash-X.

subroutine ta_molERKInitTableau()
use ta_molERKData, only: ta_molERK_tableau, ta_molERK_A,
ta_molERK_b, ta_molERK_c
implicit none

I Name of the method
ta_molERK_tableau = "rk4"

I Set the values of the matrix A
ta_molERK_A = 0.0

ta_molERK_A(2, 1) = 1.0/2.0
ta_molERK_A(3, 2) = 1.0/2.0
ta_molERK_A(4, 3) = 1.0

I Set the values of the b and c vectors
ta_molERK_b(:) = [1.0/6.0, 1.0/3.0, 1.0/3.0, 1.0/6.0]
ta_molERK_c(:) [0.0, 1.0/2.0, 1.0/2.0, 1.0]

end subroutine ta_molERKInitTableau

Code Snippet G.1: Example subroutine for the ERK RK4 integration method.
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# tableau/rk4/Config

# Number of intermediate states to store
NRHS 4

# Pre-processor defines for order and number of stages
PPDEFINE MOL_ORDER 4
PPDEFINE MOL_NSTAGES 4

Code Snippet G.2: Example Config file for the RK4 integration method.

G.1. Explicit Methods

Currently, there are four explicit methods available in the ERK time-integrator, one each for
first- through fourth-order. The first-order forward Euler method and the fourth-order classic
RK4 method can be found in any standard reference on finite-difference methods for initial
value problems, such as LeVeque (2007). The second- and third-order methods are based
on the strong stability preserving (SSP) methods in Shu & Osher (1988). Tables G.1-G.4

present these methods in the form of the tableau in Eq. (6.3).

010
1

Table G.1: First-order single-stage forward Euler method

0] 0 0
101 0
1/2 1/2

Table G.2: Second-order two-stage Heun’s SSP RK2 method
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1/21/4 1/4 0

1/6 1/6 2/3

Table G.3: Third-order three-stage SSP RK3 method

1/2/1/2 0 0 0

/21 0 1/2 0 0

1/6 1/3 1/3 1/6

Table G.4: Fourth-order four-stage classic RK4 method

G.2. Implicit-Explicit Methods

The currently available IMEX methods are all based on the additive Runge-Kutta (ARK)
IMEX methods in Ascher et al. (1997). All methods will be designated by the triplet (s, o, p),
where s is the number of implicit stages, o is the number of explicit stages, and p is the order
of the method. Tables G.5-G.12 present these methods in the form of the combined tableaus

in Eq. (6.5); the implicit and explicit tableaus will be on the left and right, respectively.

Table G.5: ARK(1,1,1)
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Table G.6: ARK(1,2,1)

010 0| 0 O

1210 1/2|1/2 0

0 1 0 1

Table G.7: ARK(1,2,2)

o(o o0 010 0 O
10 v Oy 0 O

110 11—y ~v]6 1—=6 O

0 11—y |90 1=6 O

Table G.8: ARK(2,2,2); v = (2—v2)/2and 6 =1 —1/(27)

110 1= ~|d 1=6 0

0 I—-v 710 1=v v

Table G.9: ARK(2,3,2); v = (2—v/2)/2 and § = —2v/2/3
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Y 0 ol 0 ol 0 0

1—~v|10 1—=2y v [v=1 2(1—=7v) O

0 1/2 1/2| 0 /2 1/2

Table G.10: ARK(2,3,3); v = (3 +V/3) /6

n |0 n 0 0 n 0 0 0
1 1—
# 0 TW n 0 as 1 azs 0 0
1 |0 by b3 n|l—2aa a «a O

0 by b3 n| O by b3 7

Table G.11: ARK(3,4,3); see Equs. (G.1)—(G.5) for the coefficients.

The coefficients in table G.11 use a notation similar to this method’s presentation in
Chinomona & Reynolds (2021) (this method serves as the base of their third-order multi-

rate IMEX methods), and are given by

n = 0.4358665215084589994160194511935568425293, (G.1)
a = 0.5529291480359398193611887297385924764949, (G.2)
ag1 = a(% — 15n + %7}2) - ; +13n — gnQ, (G.3)
ago = a(—% + 15m — %772> +4— ?77 + 2772, (G.4)
bgz—gn2+4n—i, 1)3:;772—5774—; (G.5)
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00 o0 0 0 0] 0 o 0 0 0
1210 1/2 0o 0 0| 1/2 0 0 0 0
2/3/0 1/6 1/2 0 0 |[11/18 1/18 0 0 0

1/2

o

~1/2 1/2 1/2 0 | 5/6 —5/6 1/2 0 0

1 |0 3/2 =3/2 1/2 1/2| 1/4 7/4 3/4 —7/4 0

0 3/2 —3/2 1/2 1/2| 1/4 7/4 3/4 —7/4 0

Table G.12: ARK(4,4,3)

G.3. Multi-Rate Methods

Currently, only one method is available in the MR integrator: the IMEX-MRI-GARK3b
method from Chinomona & Reynolds (2021). This is a third-order accurate outer “slow”
IMEX method; the inner “fast” method can be chosen freely, but only the same four ERK
methods in appendix G.1 are currently available in Flash-X. The tableau values are provided
to 36 digits of precision in appendix B of Chinomona & Reynolds (2021), and for brevity
are not repeated here. Please refer to table G.13 for list of the equivalent quantities to those

used in chapter 6.

Quantity in Eq. (6.10) | Equivalent in CR

AL = L) N
AEa{k} = aE.’{k} w{k}
v %]

Table G.13: Difference in notation used here in Eq. (6.10) and in Chinomona & Reynolds
(2021) (referred as “CR” in the table above). The fractional offsets into the time-step ¢5
and the final linear combination weights bLE share a similar notation.
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