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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 these systems evolve, and impact the nucle-
osynthesis 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 capabili-
ties in Flash-X with the addition of fully general relativistic solvers for neutrino radiation
transport, hydrodynamics, a dynamic spacetime, the supporting infrastructure necessary
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.
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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.

Numerical simulations for events involving compact objects become increasingly compu-
tationally 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.

This work will make use of the common notations used in numerical relativity. Addi-
tionally, 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 description

of these conventions.

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 these



and 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
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 masses and radii to
observed and theoretical constraints can provide a measure of whether the chosen equation
of state is capable of reproducing these values.

A sample calculation of the mass-radius curves for different nuclear equations of state are
shown in fig. 1.1. Five tabular nuclear equations of statel are compared: LS220 (Lattimer
& 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

51’88? found by Fan et al. (2024) is shown for comparison. Only one

neutron star of 2.2
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¢ (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 build quickly build up heavy nuclei (Lattimer & Schramm,

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,
including the tables used here for the TOV comparisons.


https://stellarcollapse.org/equationofstate.html
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Figure 1.1: Mass-radius relation for non-rotating neutron stars. Results from using var-
ious nuclear equations of state are compared. 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.

1974; Symbalisty & Schramm, 1982; Eichler et al., 1989; Freiburghaus et al., 1999; Goriely
et al., 2005). These predictions were finally 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.,
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Figure 1.2: Volume rendering for a simulation of an equal-mass (1.35M)) binary neutron
star merger using the SFHo equation of state. Results display the electron fraction of the
material in the system from just before the merger and until 2.5 ms after. Figure from
Radice et al. (2018).

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 (Y¢) = 0.22. The resulting prediction for the yields
of r-process nucleosynthesis are shown in fig. 1.3, which distinctly capture the production
of the expected peaks near A ~ 130 and A ~ 195 when compared to the measured solar

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

1.2 Methods for Simulating NSMs and CCSNe

Simulations of neutron star mergers and core-collapse supernovae pose significant compu-
tational challenges. Accurately modeling the radiative transport of neutrinos, the hydro-
dynamics 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. For more practical use of the
available resources and time, large-scale simulations typically employ approximations to re-

duce the degrees-of-freedom; these approximations lead to a broad array numerical methods



for use in these problems.

This section will survey some of the more commonly used numerical methods that are
applied in simulations of neutron star mergers and core-collapse supernovae. To serve as a
comparison to the methods described in later chapters, this survey will focus on methods for

general relativistic radiation transport, hydrodynamics, and spacetime evolution.

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, V7, 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 of 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 and success 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. These mean free paths determine the optical depth of
neutrinos within dense regions of matter, and are used to determine the emission rates from
these regions. Typical interactions for these calculations include charged-current S-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 vitn=v;+n 67—|—6+‘:,l/e—|—17€
et +n=ve+p Vi+p=vi+p Y= 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 angular
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 dependence
on higher-rank moments 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 absorption and scattering
opacities. Similarly to leakage schemes, moment schemes can also be frequency-averaged or
monochromatic.

Retention of the zeroth-moment leads to evolution schemes for the radiation energy and
are closed specifying 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 for the basis of the discrete ordinates methods, or Sy.
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 radia-

10



tion 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 example Abdikamalov et al. (2012)). The increased physical detail and possible accu-
racy 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 particles 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
easily described by their rest-mass density and a stress-energy tensor describing their energy,
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
hydrodynamics was applied to gravitational collapse problems in May & White (1966); they
derive a a system for the fluid equations of motions alongside mass and energy conservation
of a similar form presented earlier in Misner & Sharp (1964). In Wilson (1972), an Eulerian
form of the relativistic hydrodynamics were introduced that took a similar form as their
Newtonian counterparts. The most common form of the general relativistic hydrodynamics
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: finite-difference,

11



finite-volume, and smoothed particle hydrodynamics.

1.2.2.1 Finite-Difference

Finite-difference methods have long been used in hydrodynamics simulations. These methods
treat the fluid quantities as point-like values on a discrete computational 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 features, such as shock and other discontinuities in the fluid, can prove tricky to
resolve without additional numerically- or physically-motivated corrections, or the use of
higher-order methods. 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 demonstrate the accuracy and scalability of these methods.
Finite-difference methods also can provide a robust and accurate treatment of relativistic
magnetohydrodynamics, as shown in Del Zanna et al. (2007). Radice et al. (2014) demon-

strates 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,

12



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 (and only where) it is required. The fluid is
discretized into (typically) equal-mass particles, from which fluid properties and derivatives
are calculated 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 rep-
resentation of the particles, this allows for consistent computational costs throughout the
domain. Additionally, SPH methods can directly handle regions in vacuum (by not perform-
ing calculations there), in contrast to mesh-based methods that typically must impose an
artificial marginal-density atmosphere to avoid numerical issues. Examples of SPH meth-
ods used in general relativistic hydrodynamics include Rosswog & Davies (2002); Rosswog

(2015); Liptai & Price (2019).
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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 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 sim-
ulations can lead to violations of Einstein’s equations due to simplifying assumptions and
numerical errors. This section will survey some of the more common approaches used to

solve Einstein’s equations.

1.2.3.1 Unconstrained

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
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 the Einstein equations hold exactly. Unfortunately, outside
of spherically symmetric or axisymmetric spacetimes, this can lead to numerical instabilities
due to numerical errors causing the violation of the constraints (Baumgarte & Shapiro, 2010).
Other spherically-symmetric evolution schemes were introduced in Misner & Sharp (1964);

Hernandez & Misner (1966).
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1.2.3.2 Constraint solvers

Alternatively, the the constraint equations can be solved to determine the metric and cur-
vature quantities. One popular method in early neutron star merger simulations is the
conformally flat condition (CFC) used in Wilson & Mathews (1995). Other examples in-
clude the waveless approximations in Isenberg (2008), an extended CFC 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 equa-
tions while minimizing constraint violation errors through damping or propagation out of
the system. 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 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 formulations of the Z4 formalism
include the conformal Z4c formalism used in Bernuzzi & Hilditch (2010); Ruiz et al. (2011);
Cao & Hilditch (2012); Hilditch et al. (2013); Daszuta et al. (2021), and the conformal and

covariant CCZ4 formalism used in Alic et al. (2012); Dumbser et al. (2018); Clough et al.

15



(2015); Radia et al. (2022). The Z4 formalisms share a similar structure as 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).
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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 the 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, the approximations and methods used
to include neutrinos in these type of simulations can greatly impact not only the dynamics,
but also the composition of the matter.

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 concern, 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 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

17



material’s composition and impact the nucleosynthesis that occurs here (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).

Approximating neutrinos in NSM simulations can lead to varying results for the properties
of and the nucleosynthesis that occurs in the ejecta. This section will explore the effects of the
neutrino treatment on the ejecta by comparing different approximations made in a common
set of simulations. 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, = 1.4Ms and M = 1.2M. 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 300Mq.

As a first comparison, fig. 2.1 shows the distribution of velocities within the ejecta.
Overall, the MO scheme produces higher maximum velocities (vpmax = 0.91 for M0, vpax =
0.79 for leakage); however, only ~0.025% of the ejecta in the MO simulation exceeds the
maximum velocity in the leakage simulation. The leakage scheme has an overall higher
average velocity throughout the ejecta ((v) = 0.16 for M0, (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.
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Figure 2.1: Impact of neutrino treatment on ejecta velocities. The the fractions of the total
ejected mass M; at different velocities are compared for the leakage (purple) and MO (blue)
schemes.

The next comparison examines the impact of the neutrino treatment on the composition
of the ejecta, in particular neutron-richness of the material. This is most easily characterized
by the electron fraction Yg; the material is more neutron-rich for decreasing values of Y, < 0.5
(Ye = 0.5 indicates an equal number of neutrons and protons). Figure 2.2 shows a comparison
of the distribution of mass for 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
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Figure 2.2: Impact of neutrino treatment on ejecta composition. The the fractions of the
total ejected mass My at different values of the electron fraction Y, are compared for the
leakage (purple) and MO (blue) schemes.

of the primary differences between the two neutrino schemes, the inclusion or omission of the
re-absorption of emitted neutrinos, for the M0 and leakage 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
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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.

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
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 the leakage simulation. Material with higher values of Y, the less neutron-rich material,
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Figure 2.4: Contributions of different ranges of Y, values to r-process nucleosynthesis in
the ejecta. Predicted yields utilize the actual thermodynamic trajectories measured by La-
grangian tracer particles in the MO simulation. Solar abundances are added for reference.

contribute 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

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

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, as well as gravitational effects, cause redshifting effects
that impact the number and energy densities of neutrinos at different frequencies.

The inclusion or omission of a velocity-dependent neutrino treatment can produce differ-
ent results for the evolution of CCSNe. O’Connor & Couch (2018b) compare two-moment
neutrino radiation transport methods with and without velocity-dependence in CCSNe sim-
ulations; these results are reproduced here for reference in fig. 2.5. Their simulations all start
from same progenitor model: the 20M ) produced by the Modules for Experiments in Stellar
Astrophysics (MESA) code and presented in Farmer et al. (2016). These models 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 full
three-dimensional simulations performed with FLASH (Fryxell et al., 2000; Dubey et al., 2009).
Two sets of simulations were ran, ones with a fully velocity-dependent neutrino treatment
labeled as mesa20_v_LR and mesa20_v_LR_oct in fig. 2.5, and a separate neutrino treatment
where all velocity-dependent terms were set to zero and the effects of velocity-dependent

redshifting were neglected, mesa20_LR and mesa20_LR_oct in fig. 2.5; LR and oct refers to
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low-resolution and octant-symmetry, respectively.
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Figure 2.5: Comparison of velocity dependence in neutrino treatment for CCSNe. Figure
from O’Connor & Couch (2018b). Individual plots show the mean shock radius (top-left),
lateral kinetic energy (bottom-left), ratio of advection and neutrino heating timescales (top-
right), and the neutrino heating rate (bottom-right) at times after bounce. Simulations used
either a velocity-dependent (red and magenta lines) or non-velocity-dependent (blue and
green lines) neutrino treatment.

The results for these simulations performed in O’Connor & Couch (2018b) (displayed
here in fig. 2.5) highlight the effects of the velocity-dependence in the neutrino treatment
on the dynamics of the evolving CCSN. Most noticeably in the top-left plot, the velocity-
dependent neutrino treatment produces a faster- and farther-moving shock that subsequently
recedes more slowly. They also note that some of the other differences seen, such as lower
neutrino heating rates for the velocity-dependent treatment in the lower-right plot, result
from differences in how energy exchange is defined in each treatment: the velocity-dependent
treatment accounts for the rate of total energy between neutrinos and the fluid, while the

treatment with no velocity-dependence accounts for the rate of internal energy exchange.
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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 species distribution and their
interactions. Along a trajectory through spacetime characterized by an affine parameter A,
the evolution of the neutrino distribution f = f(x% 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 pep?® = 0 = pop° = —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 neu-
trino distribution function due to collisions, i.e. interactions between the neutrinos and the
matter.

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

A ) o >

where —up® = v are specific values of the neutrino frequencies (or equivalently energies
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in natural units) v 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 )’ (3.3)

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
ax T RE T gy (39)

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

becomes

of b Of df
al_piopand Ly 02 .
P PP 5 (—ucep ){ it (3.6)

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

ter 1, methods capable of directly solving Eq. (3.6), e.g. Monte-Carlo particle methods, are
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computationally intensive and can be difficult to evolve consistently with the fluid and the
spacetime. One effective way of reducing these degrees of freedom to something more prac-
tical 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 Moment 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-momenta
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

where dV), is the invariant volume element of the momentum coordinates p“, and Ay =
{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

interaction of neutrinos with the matter. It is important to note that Eq. (3.7) forms a fully-
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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)

(3.8)

A >0 A
M k_/ dyM( k.
0 v)

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)

(21"

Vyue) — (k- DM R, = 5%

Ay 0
VM, v) (v)’

©) " (3.9)

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

k—2 dt

Ic
Sél)ﬂ - /dVP’M H p'% [g} . (3.10)
(—uep®) ap €A}, coll

The evolution of the frequency-integrated moments follows directly as

VvV, MAKY — (k — 1)y MAKV 0, = S4%, (3.11)
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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) ay <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 this
case, these projections will most easily be made for the fluid frame, but since the moment-
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-
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velocity, taking the form
p* = (—uep®) (u® + £%), (3.14)

where (% is a unit normal vector orthogonal to the four-velocity u®, ie. ¢*¢, = 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®) A2, (3.15)

where df2 is the differential solid-angle of the momentum-coordinates. With these, Eq. (3.7)

reduces to

M (a) = 8 / a@ | T[ % + )] o), (3.16)

akEAk

where f(y) = f(:cb,y, Q).

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

Ty =v° / A £, (3.17)
H{,) =v° / AL f,, (3.18)
Lgﬁ) =3 / Qe f, (3.19)
NEx = v? / dQereef . (3.20)

The first three projected moments correspond to the radiation energy density, momentum
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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 the projections in Eqns. (3.17)—(3.20) as

M = / aQ [uu® + u® + bt + e g,

= J(V)uaub - H(ay)ub + Hg’y)ua + L‘(IV). (3.21)
By a similar process, the third-rank moment expansion can be expressed as

M(“Vb)c = J(V)u“ubuc + ny)ubuc - Hg’y)uauc + H(cy)uaub

ab | c ac , b bc , a ab

Examining the structures of Eq. (3.16) 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 ug¢* = 0, e.g. Ug L = 0,

and thus are spacelike in this local frame. Using this in Eq. (3.16) then shows that

Agb A

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

Eq. (3.16) relate to lower-rank moments in the expansion as

)
A/{;bc

(v)

Ap

— uCM(V)

b
h CM(V)

hpe M

(3.25)

Ap,

= Mg

(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 Equns. (3.17)—-(3.20) as

J) = M= —uaM(aV) = uaubM(ayb) = —uaubucM(aVb)c (3.27)
"y, = W M{,y = =h%ucM{S) = hyucugM{S] (3.28)
Ly = WO ME = —hO e que MEY (3.29)
Nk — h b e fM(dj)f . (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
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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 computations.
A choice widely used for dynamic spacetime and fluid evolution is a fixed Eulerian frame as
viewed by a infinitely distant observer. In this frame, a ‘3+1’ decomposition of the spacetime
is made into spacelike hypersurfaces at constant coordinate times. Please 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)

Yab = Jab + Naltp, (3.31)

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
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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, momentum density, and pressure tensor 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(,) = nanbM(“yb) (3.33)
PEY =AM, (3.35)

which follows from ngF (“V )= 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. The neutrino-matter interactions and redshifting ef-
fects, such as those caused by acceleration of the fluid, in the evolution equations are most
easily defined in the fluid frame, so it is necessary to relate the co-moving frame projected
moments to their Eulerian counterparts. 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 ng
u = W(n®+ 0, (3.36)
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where W = —uyn®, commonly referred to as the Lorentz factor, quantifies the relative
velocity difference between the two observers. From the normalization and orthogonality
conditions ugu® = ngn® = —1 and nyv® = 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

J(y) = W2 (E(V) - QUZ'Fi + vinP(ig)> (3.37)

H,y = WELy + W (B + viF,) )n® = Jyu" = Wo, PG, (3.38)

Now the moment evolution equation can be brought into a more tractable form. Inserting
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 0 oJ 0 “rabc
ot [ (”ﬂ T o [O‘F (v) ~ BJE@)] ou [”O‘”GM<V> Vb“C]
5] ; Ol ~a
- O‘[P(i)K@7 i) azia B ”aS(V)] (3.39)
and

- o1 - - ) ;

a |:FZ7(U)] -+ —al’] |:OéP i,(V) — 6JF’i,(l/)i| — 5 [VQWiaM(lIV)CVbUC]
~ k -

P (Ju) Mk Frw)yos o dhna
2 Oxt a  Ox' ox?

+ naégy) : (3.40)

where the 3-+1 split spacetime quantities are the lapse function «, shift vector %, and the
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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 7 = 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
frequencies defined in the co-moving frame, their frequency-integrated forms follow in the

exact same manner as

o0
E:/O dVE(V) (3.41)
F® = /oodyF“ (3.42)
0 (V) ’
P = / v pat (3.43)
. YW ~
and
0T = 0 oy - Ny ~.0ln ~
2 - J_pif| = ijre.. _ a
o [E] o [aF 8 E} a[P Ky~ F15 naS] (3.44)
O1p] v O (il aip] — ol PE0UR , FROBE  zolna o
E[FZ} +ﬁ[aPi ~#F] =a St R B eS| (345)

As was the case with the frequency-integrated moment evolution equation in Eq. (3.11), the
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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
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

L% = %Lgﬁm + wwﬁicb (3.46)
where x(€) is a closure function of the parameter £ that characterizes how optically thin

or thick the fluid is, and L‘?]gin and L‘?]gick are the optically thin and thick, respectively,
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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),
£—1

where the parameter £ ranges from zero to one in the optically thick and thin limits, respec-
tively. One effective to define £ such that these limits are met is by the ratio of the spatial
momentum density and energy density in the co-moving frame (Shibata et al., 2011)

hgp 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 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 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

3(1 = x(§))
P, + 20X pur 5.10
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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.

The remainder of this section will focus on obtaining the limiting forms of the pressure
tensor in the co-moving and Eulerian frames. A list of practical expressions of the co-moving
frame energy and 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%py, = 0. As such, the magnitude of the neutrino momentum will always equal the

neutrino energy, from which it follows

HY .

J=H=\/hypH*HY H" = o= Jh (3.50)
Fa A

F = \/ypFoFb, —F%= E— = Ef®, (3.51)

E

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

Based on the relations in Eq. (3.50), any expression for the optically thin pressure tensor

in the co-moving frame can only depend on the energy density and the streaming direction.
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Using Eq. (3.21) in Eq. (3.26) further constrains the trace of the pressure tensor to be

hay L™ = J (3.52)

. With both of these constraints, a suitable form of the pressure tensor is

L% = Jhohb. (3.53)

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

Pt%bin = Eff’. (3.54)

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. (3.53) in Eq. (3.22) and

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

hpe NG = Jh. (3.55)

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

hablAzalAzb = 1, a straightforward extension of the procedure used to obtain the second-rank
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projected moment gives the third-rank projected moment of the form
N&be = JhehPhe. (3.56)

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. (3.52), the

optically thick limit of the co-moving frame pressure tensor must take the form

J
b b
L = 5 h™ (3.57)

Applying the trace condition in Eq. (3.26) to the third-rank moment expansion in Eq. (3.22)
using the form of L% given in Eq. (3.57) shows that the third-rank projection’s trace must

satisfy
hy NS, = HO. (3.58)

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 = = (HOBY + OB + HOR™). (3.59)

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
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second-rank moment expansion

J
Mg}?ick = Juu® + HP + Hu® + ghab
J
= g( bt qutal) + HOP 4 HOC (3.60)
By using Eq. (3.60) in the projection in Eq. (3.35), the optically thick form of the Eulerian

pressure tensor is
ij J( i 2 i j 6 G L Eiad
Pthick:§<7 + 4W vv>+VV<HU +H v), (3.61)

where H! = viaH % is the Eulerian spatial projection of the co-moving frame momentum
density!, and Eq. (3.31) and Eq. (3.36) were used to expand g% 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. (3.61) can be used in the projections in Eqns. (3.27)—(3.28) to show that

1 .
B (4W2 - 1) Tohicle + 2Wvi HY o (3.62)
. 4 . . .
Fi— (§W2Jthick + inthick) v WH (3.63)

where Jipick 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. (3.63) with the spatial velocity ', then solving for

IBarred co-moving frame quantities will always represent their Eulerian frame spatial projections
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the Wv; H* term, and finally using the result in Eq. (3.62) to find

3 .
Jthick = W21 [<2W2 - 1)E - 2W2U1'FZ] (3.64)

F' w

il 2 2 k|,
Mg = 37 — gpo 7 W2 = (407 4 1) PFJof. (3.65)

Using these expressions in Eq. (3.61) then gives the optically thick limiting form of the

Eulerian frame pressure tensor as

t) _ 2 2 k
22 o o .
— m [2E — Uka] 'UZ’U] + FZU‘] —+ F‘]UZ. (366)

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 frequency-derivatives in the evo-
lution 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
T
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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 as

Mabc _ Qnanbnc + Ranbnc + Rbnanc + chanb

Sabnc + Sacnb + Sbcna _‘_Tabc’ (3.68)

where, similarly to the projections of the Eulerian second-rank moment-expansion, the pro-
jections of first-rank and higher are purely spatial, i.e. ngR® = nqS%® = n,T%¢ = 0. With

this definition, the projected moments are found in terms of the co-moving frame projections

Q = —ngnyneM™ = W3J 4+ 3W2u, H' + Sinvjf/ij + vivjkaijk (3.69)
i i abe  _ [y3 2. i o Tk 2 77
R = ylymneM™ = [W3T 4 2020, T+ Wojo Lol + W2H
+ 2Wo; LY + vjup NI (3.70)
S = —’yia’yjbnc]\/[abc = [W?’J + WQngk] ool + [W2P_Ii + vaiik] v
+ [WQﬁj + vaijk] vl WL 4 v, NUK (3.71)
Tijk _ 7z‘cﬂjlﬂchabc — W3 Juivdok £ 2 [Hivjvk L ik 4 Hk:vivj]

+W [iiﬂ'vk 4 Lk Lﬂw} + Nk, (3.72)

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,
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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. (3.67) and the third-rank moment in Eq. (3.68), the contraction at the core of the
redshifting term in the evolution equations becomes a straightforward (but lengthy) exercise
of tensor algebra; please refer to appendix D.3 for the step-by-step details. In its final form,

this term can now be expressed in the form
My, =~ (Qn® + RY) — Y (Rina n S‘”) —c (Siﬂ'na + TC”'J'>, (3.73)

where the tensor coefficients are

oy _ [ oW [ O0lna 4
C _n axa] + _W’U ok (3.74)
r [ k
{1y _|[OW B o OWw; B Olna W ab;
¢ = | Ozt " T oa I Ox’ a Ok (3.75)
r [ k .

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 the evolution equations, Eqns. (3.39)—(3.40) trivially

follow as

oMV = C10Q + oIV R 4 0} 51 (3.77)

1My = O Ry 1 OV sT, 4 Tk (3.78)
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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. In the second-
rank evolution equations, Eqns. (3.39)—(3.40), the moment-expansion source vector SE‘V)
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 fluids energy and momentum densities. The total interaction

source vector is then

o
Sthe. =Y /0 dvS{, . (3.79)
g

where the additional subscript ¢ from the summation is over all neutrino species. For a
hydrodynamics 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. (3.79), but with an opposite sign as those in Eqns. (3.39)—(3.40).
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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,

% = S8+ S8

180?

(3.80)

where “eq” 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) B = [df/dt]..y. for the collision integral will be 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)

Bea=j(1- 1)~ 1. (3.51)

where f = f(v,Q) is the frequency-dependent neutrino distribution function that appears

in the Boltzmann equation and moment-expansion. The emissivity and mean-free path are
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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 (3.82)
such that the collision integral takes the form
Bea - j - K/absf. (383)

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, described by an equilibrium

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

1

3.84
G(V_MV>/T—|— 17 ( )

feq -

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

case). It immediately follows the the emissivity can be expressed as

Jj= "‘Jabsfeq7 (3-85)

and the collision integral then takes the form

Bea = Kabs (feq - f)- (3.86)
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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. (3.84) in Eq. (3.17) as

Joq = 13 / A2 feq, (3.87)

and assuming that the neutrino radiation is completely isotropic such that ng = 0, per-
forming the first-rank expansion of the collision integral for emission and absorption then

yields

Sga = Habst]equa - ’fabs(Jua + Ha)

= HabS(Jeq — J)ua — KapsH®. (3.88)

3.1.6.2 TIsoenergetic 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 ¢ sinf, sin ¢ sin , cos 0),

for polar and azimuthal angles 6 and ¢, respectively, such that the integrals take the form

/dQ — /_11 cm/O27T dé, (3.89)

where p = cos 6.

The total isoenergetic scattering rate must account for all possible incoming and outgoing
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scattering angles, and when accounting for initial and final state blocking take the form

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

1 2
%FﬂLw%cwwﬁmwm (3.90)

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

between the incoming and outgoing neutrino directions

w =+ cos (6 — ¢') /(1 2) (1 - p2). (3.91)

A common approach taken is to expand the scattering kernel in powers of w, retaining only
up to terms linear in w, and the distribution function in powers of /% up to second-rank

(Shibata et al., 2011)

Riso ~ R+ wRL,, (3.92)
and
fa O fler 4 f2 0000, (3.93)

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

definitions, using Eqns. (3.91)—(3.93) in Eq. (3.90) shows that

1
Biso = 410 | S Rigo fat* = Rigo ( fat®+ fgbeaebﬂ . (3.94)
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With this form of the isoenergetic scattering collision integral, its first-rank moment expan-

sion evaluates to

1SO

1
Se. = 4 ER}SO - R?SO} HY, (3.95)

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

expansion. Defining the isoenergetic scattering opacity as

iso iso

1
Kiso = 41> [R-O gR-l } (3.96)
Eq. (3.95) can be simply written as

SO = gy HO. (3.97)

iso —

3.1.6.3 Full Form of the Neutrino-Matter Interaction Source Terms

With the expansions of the collision integral given Eq. (3.88) and Eq. (3.97), the moment

expansion of the full collision integral is then
S% = Kaps (Jeq — J)u® — (Kaps + Kiso) H. (3.98)

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

found as

_naSa — WK/abS<Jeq - J) + (’{/abs + /{iso)naHa, (399)

%-QS“ = W’fabs(Jeq — J)UZ' - (Kabs + ’iiSO)Hb (3.100)
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where again H; is the Eulerian frame spatial projection of the co-moving frame momentum
density. 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 moment evolution equa-
tions. Implementation details of the solver developed for Flash-X will be covered later in
chapter 6. To better illustrate these methods, Eqns. (3.39)—(3.40) will be written in the

compact form

8 U + 0,F/(U) + 9,R(U) = G(U) + S(U), (3.101)

where the derivative operators are Oy = 9/0t, 9; = 0 / ozJ | and 8, = 0/0v. The evolved

variables are represented by the vector

ey

U= . (3.102)

Reat

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

. oF) — BIE
FJ(U) = . (3.103)
OéPji — ﬁJFZ‘
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representing advection in the j-th spatial direction,

naMabCVbuC
R(U) =va (3.104)

—Yia Mabcvbuc

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

P]kKjk — }7”62 In«
G(U) =« (3.105)
%ijai’yjk + a‘leGZﬂJ — FEo;Ina
representing geometric source terms resulting from the covariant divergence of the second-
rank moment expansion, and finally

_naSa

S(U) = (3.106)

YiaS®

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. (3.101).

3.2.1 M1 Closure

Closing the evolution equations and interpolating the co-moving frame quantities requires
specifying a closure function x(£). As previously 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
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closure functions commonly used in two-moment evolution schemes, which all take different
approaches 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)

1 262

x(§) = 3t 1—5<3§2 —&+ 3). (3.107)

This form of the closure results from maximizing the entropy as a functional of the dis-
tribution function, and has an efficient-to-compute 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.

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 via the
closure from the optically thin and thick limiting forms. As such, £ must be solved for

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

G(€) = [J()]%€% — hap HA(E)HO(€), (3.108)

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
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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. (3.108). A Newton-Raphson
iterative method will typically converge on a solution faster with an adequate initial guess,
e.g. a previous known value of £ or the zero-velocity limit F'/ E, but in practice can struggle to
converge in the limit of relativistic velocities near the boundaries £ = 0, 1. This root-finding

procedure is performed for every new set of £/ and Fj.

3.2.2 Spatial Advection

The spatial advection operator 9;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. (3.101), 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
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 i-th along an axis in
the mesh, and U1 /o will represent the upper (+) and lower (-) face-centered quantities in

the ¢-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
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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 (suppressing the direction superscript j for readability)

OF

;U = A9, U, (3.109)

where A is the jacobian matrix of the flux vector F. Using Eqns. (3.102)—(3.103) in Eq. (3.109),

the jacobian takes the form

Y aryIk
A= apjz' 8Pji el (3.110)
“3E “op, 7T

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 A obtained from the solution of

det (A — \I) = 0, (3.111)

A is an eigenvalue of A, 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 closure factor £&. An equivalent approach to find the characteristic speeds
is to solve Eq. (3.111) 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. (3.54)
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with respect to the energy and moment densities yields

0 [P ]thm fif. (3.112)
7

E
%[Pji]thin <7jk _2fjfk>fi+7kifj] (3.113)

Using these derivatives in the Eq. (3.110) leads to the optically thin limiting forms of the

characteristic speeds in the j-th direction

XL =B taf (3.114)

. E ..
Nhin =~ + a7, (3.115)

where the characteristic speed )\ghin is doubly degenerate. Similarly for the optically thick
limit, taking the derivatives of the pressure tensor in Eq. (3.66) with respect to the energy

and moment densities yields

[P ]thlck 2W21+ : [(2W2 . 1) AW 20y, (3.116)

[Pj ] B 212
L tlthick  2W2 +1

@
ﬁj‘Q?Q’Qa

<vjvi—vji>vk+7jkvi+7kivj. (3.117)

Using these derivatives in the Eq. (3.110) leads to the optically thick limiting forms of the

characteristic speeds in the j-th direction

2W2p] £ [a2 (22 +1)i7 — 20 2pipd

. .
Athick =~ + ] (3.118)
Ahick = =67 + 17, (3.119)
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where pJ = and kuk /W = avl?, and once again the characteristic speed )\ghick is doubly
degenerate. The closure interpolated characteristic speeds are then given as

V0 3@ =1 w0 31— x(©] 40

- 9 )\thin + 2 thick" (3' 120)

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 flux 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. (3.103) are not known at the cell-interfaces, so they must be reconstructed
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(r 0)AU 1, (3.121)
where ¢(r, 0) is the generalized minmod slope limiter

o(r,0) = max [O,min (7"9, %m&)}, 1<60<2, (3.122)

2Most works citing the optically thick characteristic speeds of Eq. (6.35) in Shibata et al. (2011) incorrectly
assume that p/ = 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 VJ = /¥y =Wl
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and the slopes and their ratio are defined as

AU,
AUy

r

AU; =U; - U;_;. (3.123)

Use of a generalized minmod limiter provides a means of varying the amount of dissipation
in the reconstructed slopes via the parameter 6. The limiter is most dissipative when 6 = 1,
and least dissipative when # = 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 = r2
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
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 o, 3%, and 7Yij, 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 7%/, 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
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discontinuity. To proceed, the left (L) and right (R) states at the i+ 1/2 interface are chosen

as
L _ r7+ R .
Ui+1/2 - Ui ) Ui+1/2 - U¢+1> (3.124)

and then used to compute the spatial fluxes via Eq. (3.103) as

[Fj]z'L+1/2 =F (U%L+1/2>’ [Fj}il/z =F (UEFW)' (3125)

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

+j1L — iR +.(UR L
[FJ] 8 [F7] sTIFI] g TesTs <Ui+1/2 B Ui+1/2> (3.126)
i+1/2 st — s~ ’ '

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

s+ — max ({Aiyo}L,{Aivo}ﬂ
5~ = min ({Ai,o}% {w}ﬁ),

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

are

(3.127)

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. (3.126) as the optical depth increases. For this purpose, the correction
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factor is defined as

) 1
e =min | 1, 7 , (3.128)
Tit1/2
where 7/ is the geometric average of the optical depths across each of the adjacent cells

i+1/2

in the j-th direction

J )
Ty = VT T (3.129)

Each cell’s optical depth is approximated by
7—@'] = [Kabs + Kisol; dx? J (3.130)

where dx‘g 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 in can be
found from the interface fluxes as

LT L P
i [ij} ’

1

(3.131)

where [Aa:j ]Z is the width of the i-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
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across each cell by Eq. (3.131), 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, this discretization is more
dissipative than both the previous finite-volume discretization and the high-order finite-
difference discretization presented in chapter 4.

Since this discretization only makes use of the cell-centered states U;, Eq. (3.103) is

evaluated for each cell
J| — ®I(1T.
[F L F/(U;), (3.132)

along with its characteristic speeds via Eq. (3.120). These cell-centered fluxes are then used
to make high-order and low-order approximations of the flux at the interface of two adjacent

cells. A Lax-Friedrichs approximation is used for the low-order (LO) flux

#152( ) es(ov) e

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

}z" {’/\LO

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

Amax = Imax ({ ’A:I:7O

}i+1)' (3.134)

[Fj}iol/Q - %([FJL * [Fj]iﬂ)‘ (8.135)

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

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

Pl =Pl -0([Ple - Pl,) 0

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. (3.131).

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
by a co-moving observer. In Eq. (3.101), 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, (3.137)
0
in order for to conserve the neutrino number and energy densities (Miiller et al., 2010). For
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Eq. (3.137) to hold, R(U) must vanish at the endpoints v = 0, co. 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 by bin-integrated values

Mé’;) — / 2 M(‘i’)f (3.138)

Vi—1/2

where v; and v;, /2 the bin-center and bin-interface values of the frequency in the i-th
bin. Simply using the bin-integrated values directly in Eq. (3.104) will not guarantee that
Eq. (3.137) holds, so the monochromatic values at the bin-interfaces must be reconstructed
while accounting for the boundary conditions. These interface values are typically recon-
structed 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 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(Vz) = E(%) /AvD; may not accurately reflect the actual bin-centered
monochromatic values in larger bins. Additionally, since a 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
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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 are increased.

Instead, this implementation will makes use of a pseudospectral discretization of the v-
axis. In a pseudospectral discretization, evolved quantities are projected on to a set 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
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 simple Riemann

sums in frequency-bin discretizations.

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
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function presented in Oettinger et al. (2013).

Let Fy,(x) be the set of polynomials that are orthogonal with respect to the inner product
o0
(Fnl Fo) = /O Az f(2) Fn (2)F(2) = Dy, (3.139)

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

a generalized Fermi-Dirac distribution

fulz) = . (3.140)

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

-1
N (Xl Fm)

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(w;) =0
1 o k@) Fn ()
/0 dx

~ F() v

0<i<AN. (3.142)

wj
For some function g(x) = fi.(z)h(x), the quadrature rule can now be used to approximate

the integrals

N-1 N-1

/0 da g(z) = /0 dz fr(@)h(z) = Y wph(an) = > U g(zn), (3.143)




where the factor fi.(x;) must be removed if using g(z) 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 mapped
to quadrature nodes x;, i.e. v; = v(x;), where in the simple case of a equilibrium distribution,

the map takes the form
v(z) =Tz, (3.144)

where T is the equilibrium temperature; this is the direct result of making the substitution
v/T — x to arrive at Eq. (3.140).

Next, frequency-dependent quantities must be projected unto the polynomial basis. For
some arbitrary frequency-dependent M(V), it is projected on to the basis polynomials via

inner product (of the same form as Eq. (3.139))

1 (0.9]
m; = E/O dx fk(:B)M(V(:E))‘FZ(x) = E wﬂM(l/n)fl<xn) (3'145)

With these coefficients, the frequency-dependent quantities and their derivatives for an ar-

bitrary value of v are

N-1
My = D milFi(@) fr(@) (3.146)
1=0
1 N-1
WMy = sy 2 MlFi@ @) (3.147)
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where the primed quantities are derivatives with respect to x. The z-dependence (and
consequently v-dependence) are now completely contained in the basis polynomial and weight
functions and can be computed analytically.

When working strictly with frequency-dependent quantities located at the N quadrature
nodes, all the of z-dependent quantities can be precomputed, and calculating Eqns. (3.145)—
(3.147) for all N points reduces to matrix-vector multiplications. For this case, the frequency-

integrated quantities reduce to the vector dot-product

N-1

M :/O dVM(V) :/0 dx VI(ZB)M(V) = Z fk(:jcl)yl@Z)M(Vz) (3148)

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. (3.145).
Finally, Eq. (3.147) is used to evaluate the full operator 0,R(U) for all frequencies v;.
When frequency-integrated quantities are required, e.g. for frequency-integrated full colli-
sion source term in Eq. (3.79), or for outputting the frequency-integrated projected moments,

Eq. (3.148) is used directly.

3.2.4 Geometric Sources

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

dg 1

E W[QPQ —8gi—1 +8gi+1 — gi+2l, (3.149)
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where ¢ is replaced with each the lapse «, the shift components 3¢, and the spatial metric
components ;;. This operator is applied separately along each direction j. These same
derivatives, along with the derivatives of the spatial velocity and Lorentz factor, present
in the frequency advection terms are also computed using Eq. (3.149). While the spatial
accuracy for both the finite-volume and finite-difference discretizations is only second-order,
this fourth-order approximation for the derivatives spacetime quantities mirrors the operators

used in the spacetime solvers described in chapter 5.

3.2.5 Time Integration

The disparate timescales associated with each of the operators in Eq. (3.101) 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. (3.101) with explicit time integration methods. However, the timescales of the neutrino-
matter interactions are O(1/Keqiso) (Burrows et al., 2006), which quickly become orders
of magnitude smaller than the advective timescale with increasing optical depths. These
timescales cannot be stably 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. (3.101)
for a more-practical choice of time-step, the computational and memory costs rapidly be-
come prohibitive for large numbers of neutrino species and frequencies since the spatial- and
frequency-advection operators are non-local along their respective axes.

Instead, Eq. (3.101) will be integrated using a hybrid implicit-explicit (IMEX) method in
a method-of-lines (MoL) discretization (see chapter 6 for more about the time-integrators).
In this method, an explicit integration method applied to the advective and geometric sources

couples to an implicit integration method used for the neutrino-matter interactions. Extend-
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ing the notation in Eq. (3.101) as U™ to now include a superscript n referring to the state
at the n-th time-step, the evolution equation is written in the form

(3.150)

Fi (U") — 0, (U") _ 8VR(U") n G(U”), Fy (U”“) - s(U”H),
for advancing the evolved variables from U” to UMt where Fg and Fj 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“) —yntl - [U” + AtFg (U")} At (U”H) —0. (3.151)

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. The Newton-Raphson iterations then

take the form (Press et al., 2007)

Ukl — yk — [g’ <Uk>} _1Q(Uk>, (3.152)
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where G’ is the jacobian of Eq. (3.151)

Uy = 1 — arZE
G'(U) =1 At (3.153)

where I is the identity matrix. See appendix F for the full form of the derivatives of the
interaction source terms in Eq. (3.153).

A common approach to simplifying the implicit update procedure is linearizing the in-
teraction source terms, allowing for a direct inversion of Eq. (3.151). This can be accom-
plished by by assuming the direction of the momentum remains constant, i.e. fz = const.
or vk,Fk = 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.
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Chapter 4

General Relativistic Hydrodynamics

The general relativistic neutrino radiation transport solver presented in chapter 3 is of lim-
ited 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 consis-
tency 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 gen-
eral 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, and 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, gab 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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where e = p(1 + €) is the fluid energy density accounting both for the rest-mass energy 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

of the 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 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 for all 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. (3.79). 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

5+ o 08 - Pv) — 7] =a| 8 - S

= +ngSes | (4.13)

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 detail 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 an operator form

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

C
Il
NI

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

SUKZ']' — Slai In (0%
and the neutrino-matter interaction source vector is

0

S(U) = | ;05

naStaot.

(4.15)

(4.16)

(4.17)

(4.18)

The source terms are treated similarly to those in the neutrino moment evolution equa-

tions, so will only briefly be described here. The geometric sources take the exact same form

as those in the neutrino moment evolution equations, and are calculated in the same way as
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described in chapter 3. The neutrino-matter interaction sources will be handled in a simpli-
fied 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 Nppeq X Nspecies) X (5 +4 X Npeq X Nspecies)
matrix equation (which is no longer strictly block-diagonal) for the full fluid plus neutrino
system of evolution equations.

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 presentation
of the discretization of the neutrino moment evolution equations, the following will presented
for a single spatial direction, but generalize to all spatial directions. Quantities will be labeled
with a subscript ¢ will refer to cell-centered values in the i-th cell along the chosen direction,

with cell-interface values labeled by i £ 1/2 for the upper (4) and lower (-) faces of the cell.

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

time-step size. The characteristic trajectories provide a decoupled form of the advection
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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!

9;U = A9, 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 Fi and each column the derivative with respect to elements of

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

Al = RIAR, (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 Ao which characterizes

matter waves (Banyuls et al., 1997)

(1 — cg)pi + cs\/(l — v2) [oz2(1 — 0203)7“ — (1 — cg)pipq

e =—f1+
+ & 1 — v2c2

(4.21)

Ao =—p"+p, (4.22)

where p' = av’, and ¢ is the relativistic sound speed of the fluid defined in terms of the of
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the relation

dp P
he? = [ = =
- (@p)6+ P>

In normal ordering, the eigenvalue matrix is

(2). az

A= diag()\_, )\Q, /\07 )\0, /\+). (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 reproduced here for reference. For the i-th direction, the

T

components of the eigenvectors r(E) = [r(()i), r§i), rgi),r:gi), rfli) associated with A4 are:
r(()i) =1
= vl
) _ o, (4.25)
J
Tl(fi) = hWUk
i = Al —1

with

ob — Al ] XA ) . A +@1’
i + ) Y vv i +
= — — = — — = 4.2
v - UzAZ:t’ Az - UZAQ: + o ’ ( 6>
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T
and the eigenvectors r(0n) — [r(()o’n), Tgo’n), Téo’n), Téo’n), Tflo’n)} associated with \g are

r(()o’l) _ %’ 7*(()0’2) — W, T(()O,B) — W,
PO _ e Gt I I ] G
it =, i = h(gg ). Y =g+ 20 (420
P00 _ P02 h(vkj + 2W2vkuj), r08) — h(m + 2W20kvk>
P00 — 1 % 02 = W 2hw — 1), P = Wy (2nw - 1),
where
o \op/de), (4.28)

(Op/0e), — pcs

The explicit component notation for the five components of each eigenvector allows a
straightforward specification for each spatial dimension, where the 7, j, kK components are
easily permuted for different directions. For each direction ¢ = 1, 2,3, the corresponding
values of 7, 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 the the eigenvalue

matrix A in Eq. (4.24) takes the form

R= [r(_), r(o’l), r(O’Q), r(o’?’), ()], (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 reproduced here for reference. Using a similar component notation,

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

i = ey 41
1) = (1= kAl )Ty + (260 = 1) (W2 =T Vi
1) = (1 _ ICA§F>FiJ n (2/c — 1) <W2Cvj _ Fijvi>V:iF (4.30)
0 = (1= KAL)y + (260 = 1) (W2ok = Ty VL
i = (1= 1) (W2 =T Vi = | — w2Vt
1) = :F%Q R e il (4.31)

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

02) VikVk — Vkk Yy l(()0,3) = TkjV5 ~ 75k
1% = (e =)o 80 = (370 = g0
lj(_oz) = Biy, + 1500 ljo,:a) __pgi_ v v (4.32)
1120’2) =_B Vi vV l](€0,3) = Bi’)/jj + %’j“j“i
ZELO’Q) _ l(()O’Z), l£0,3) _ l(()073)’
fon_ [ 00 o0 o0 0] 459
10:2) hic 1§00, 1509102 02 0] (4.34)

l(0’3) l(0,3) l(073) l(0,3) 1(073)

0 )

1

81

Y

2

Y

03 } (4.35)



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 et al. (2014),
the right- and left-eigenvector matrices are first computed at each interface using an average

of the adjacent cells

R=R(Ujy1p2). L=R"! (4.37)

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)

QF =Q; £cU;, (4.41)
where
¢ = max [\ TV (4.42)
ieS | *

is the fastest characteristic speed in the stencil S.

A weighted essentially non-oscillatory (WENO) method directly reconstructs the split
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characteristic fluxes at each interface. The specific reconstruction scheme here is based on
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 there
are 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 + 1/2 interface be

S = {Sp, S1, Sa, S3} (4.43)

Sp={i+k—2i+k—1,i+k}

The split characteristic fluxes are interpolated to the i + 1/2 interface over each stencil as

2
+ +
G =D o Q o (4.44)
1=0

where ay, ; are the interpolating coefficients for the k-th stencil. The weighted approximations
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at the interface are then

3
+ _ +
Qi—i—l/? - Z Wil (4.45)
k=0
where the weights w;. associated with each stencil are the normalized non-oscillatory weights

Wi

wp=—=5 - (4.46)
2.i=0 @I
The non-oscillatory weights are
C
k
= 4.47
“k IS;, + € ( )

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

are the oscillation indicators

2

2 3
ISy, = Z (Z d%QikHQ) : (4.48)

m=1 \[=0

For the symmetric set of stencils used here, the final stencil Sg 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)

ISs = max IS;. 4.49
3= max, IS (4.49)

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

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

using the reconstructed interface fluxes as

i
i+1/2 7 Ti—1/2

Ax ’

F

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 bracketed root-finding procedure is used to recover the primitive vari-

ables

V= |y (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 in terms of the magnitude of the spatial projection of the fluid four-
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velocity

z =4 /%-juiuj = Wo. (4.56)

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 (4.57)

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

(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

\/7::SIST
S _VHTT he S (4.59)

hD hD 2D’

I

z =

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

T=DLW-1)—-p = p=DHLW-1)—-r1. (4.60)

Finally, Eqns. (4.56)—(4.60) are used in Eq. (4.2) to express the internal energy as

e(z) =h—

SRS

S 1=W(2) [1 + 1] 2 (4.61)
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The pressure is then obtained from the equation of state as

p(2) = plp(2), €(2)] (4.62)

U ) [ p—— (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 & and
E=7+D as

S phW2v
T+D  phW2—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)
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Using these limits in Eqns. (4.56)—(4.57) leads to the valid range of z values

k k

— << —— 4.67
N S (467)

This provides the tight bracket around the root of Eq. (4.64), which is then solved 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
geometry 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 fulling capturing the
effects of a curved spacetime through simplistic use of a gravitational potential. Only a fully
general relativistic descriptions of the spacetime and treatment of the evolution equations
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 (fluid, neutrinos,

etc.), g b 18 the spacetime metric, and the Ricci tensor and scalar are

ach’

R=R", (5.3)
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and 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 ' characterizes the shift in coordinates along the
proper-timelike direction from one hypersurface to the next, the spatial metric 7,; measures
distance in and projects onto 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 + 6 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 = 59ab B+ VaZy + Vi Za = 954 VeZ° = k1 (naZy + mpZ° + kagoyneZ€) = 87Ty,

(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 decomposition 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. orthogonal to the hypersurface normal n%, and have indices raised and

lowered by the conformally-related spatial metric. The spatial metric and extrinsic curvature
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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,

& = nanyT, (5.16)
St = —~ ny T, (5.17)
S =y, T, (5.18)

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

take the form (Radia et al., 2022)

2 o o« i
M=k (9. A, — Pl A, T A, 34,5, 20. K — 878 5.20
=7 G T ki kgt T 0 9 X)) T g g T OToy (5.20)

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

related spatial metric and trace-free extrinsic curvature:

§9A;; =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

96



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 the 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)

y . 3 1. . L By
aO:FZ =2« |:FZ.]]CA.]]€ — 533 th — g/yzjaj <K + 2@) — K1 (Fl - FZ) - 87T’72]Sj:|
_9A0.a + 2Ti0, 85— T90, 51 1+ 40,0, 5 + L510.0, 5" (5.34)
j 3" Yk j 7Y% 3779 %P .
where S :%jSU.

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

factor and the derivatives of the conformally-related spatial metric
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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

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 derived connection functions I'*. The modified
Ricci tensor is

: ; Z
Ri; =R+ D;Z; + D;Z; = R;; + RS + R}, (5.38)
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where Rij and szj are still defined as in Eqns. (5.37)-(5.36), and

7k
Z ~ ~ ~
Rij = ?(%‘kan + Y0 x — VZ'j@kX), (5.39)

where Z! = 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

oK =—DFD,a+a [R 4 K(K — 20) — 3ar; (1 + /{2)@] Fdna(S —38)  (5.40)
_ A tf s
7 ki k257 k
+ Ay 058" + A0 87 — 34;50,5%, (5.41)

8,0 = —a[ JAT + = K2 — 20K — 167E — 2k (2 + @)@} — 7k, (5.42)

— A,
N _ k| 1 3 ~k Zk )
3

L,

+ 25 [a@ 0 — 00, a] +5750,0,5" + ~Wa 0,6, (5.43)

Z’L
—20{ K—i—/q}
3 X

K+ 3A”8 In X} - 2AZ=78 o+ 2al" kAjk — 167y’ S

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).
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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
combination of ‘14log’ 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

Oy " = ZB ; (5.45)

dyB' = 9T — 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 Equns. (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 as

OV = BloV =B(V, 9;V, 0,0,V), (5.47)
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where the vector evolved variables is

A~ A . AT
[X?r?ij)K7Aij7G)FrLaOC?ﬁZ?BZ} (Z4C)
V= : (5.48)

[X,iij,l(,flij,@,fi,a,ﬁi,Bi]T (CCZ4)
and the function E represents the the right-hand sides of the either the Z4c or CCZ4 evolu-
tion equations (omitted here for brevity) and notes the 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 ~ Dj;V, (5.50)

where the difference operators are

Vi_9—8V,_1+8Vi1 — Vi

D,V = . 5.01
' 12Az° (5:51)
and
—V,_9+16V,;_1 —30V; +16V;11 — V19 j
DZ]V = 12(sz) , (552)
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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-

biased derivative for stability (Cao & Hilditch, 2012; Radia et al., 2022)

Bo,V ~ ﬁjD;LV,
—3V,;_1 —10V; +18V;11 —6V;49 + V13

J —V,_3+6V,;,_o—18V;_1 +10V; + 3V, j
: 67 <0
12Ax7

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

4V = 0,V . (5.54)

V,_3—-6V;_9+15V;_1 —20V; +15V,;411 —6V,;41 + V.3
72 64077

2

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 evolution equations right-hand sides.
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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
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
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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.
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 = 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-

104



# 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

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
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
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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

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
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, = r2 it will be able to evaluate Or799 = 2r. The remainder of this section will
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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
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 in-
dex configuration, 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 and contravariant 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 Fij j;; 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
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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) ],

[ 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

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
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
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again applied to the Christoffel symbols I ik A similar SymbolicScalar extends Symbol to

also include the generation of grid-variable replacement rules for scalar symbols.

# 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.

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-
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. d,7; ' 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
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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.

# 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,Covariant], 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) 1],
[[ dgamma_LLL(XZ,X), dgamma LLL(XZ,Y), dgamma_LLL(XZ,Z) 1],
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) 1]]

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

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-

ized to take an input symbolic tensor and generate expressions based on the associated re-
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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
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 automatically take
certain symbolic expressions and transform them into usable lines of code in a target pro-
gramming language. The code generators and printers both utilize an abstract syntax tree
(AST) that represents features common in most programming languages, such as arithmetic
operations and assignments. The general ASTs are also augmented 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 code generators and printers
are well maintained and supported, such as C and C++, others contain a hodgepodge of
dated usage and formatting assumptions alongside a smattering of modern features, such as
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
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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
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
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tokens for #include, #define, and #if...#else...#endif blocks; these are used exten-
sively in Flash-X for conditionally compiling code based on the chosen spatial dimension.
CodeBlock’s are extended to include an optional comment-string to prepend to the block for
enhanced readability and formatting.

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 the the body of
the subroutine without allowing for an implicit none or use statements. This new node
also parses all included tensor and scalar assignment blocks for all variable names, catego-
rizes 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
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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
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 to the subroutine. A use statement for a tensor_indexing
module is added next; this module will be assumed to define the named integer constants
representing the numeric values of the array indices present in the tensor expression replace-
ment rules. The body of the subroutine includes an indexed for the trace of the tensor, and a
non-indexed expression removing this trace in the output tensor. Finally, this subroutine 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

116




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 Flash-X readily enables the addi-
tion of new physics and numerical methods modules, and provides access to many numerical
capabilities, such as adaptive mesh refinement, and utilities, such as parallel input-output
(I/O). A custom build system offers flexibility in composing simulations by including differ-
ent implementations of physics, numerical, and utility modules 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 with 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 solvers.

To the extent that it is possible, the implementation of each solver is designed to separate
the physics, numerical methods, and runtime controls. This mimics 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 delegate
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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 update
function, respectively, with each solver denoted by the subscripts “hy” for hydrodynamics,
“rt” for radiation transport, and “sp” for spacetime. The variables U are also 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 method
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has worked well for non-relativistic problems and solvers that are not tightly-coupled to-
gether, the mixed time-levels have lead 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 represented the combined evolved variables from all solvers, and the F terms rep-
resent 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 multi-stage methods used by the

ERK time-integrator are based on the Runge-Kutta (RK) method (Runge, 1895; Kutta,
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1901) and are described by Butcher tableau (Butcher, 1963) of the form
; (6.3)

where the superscript “E” denotes these are for explicit methods, the matrix AE with ele-
ments a?j provides the weights for determining the intermediate stage updates, the column-

vector cE

with elements c? => i a?j determines the offset between times t,, and tny that the
intermediate states represent, and the row-vector bE with elements b? provides the weights
for the final linear combination of the intermediate updates to integrate the 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 j < ¢ can be used in the update. For an arbitrary s-stage explicit

method, these linear combinations are

1—1
U =U"+AtY aF" (tn + AL, I'JJ'),

=1 (6.4)

Ut = O + At i by F" (tn +cP AL, UJ’),
j=1
where U represents the i-th intermediate state of the evolved variables, and FE 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.
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6.1.2 Implicit-Explicit Methods

Explicit integration methods are not always suitable for every problem. If 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 timescales,
possible orders of magnitude smaller than the other terms, are referred to as stiff, and typi-
cally 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, partic-
ularly 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 tableau 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 a%j = 0 for j > i. The MoL
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form of the evolution equations is separated into non-stiff explicitly integrated terms and

stiff implicitly integrated terms
0U = FE(t,U) + Fl(t,U0), (6.6)

where F1 represented the combined evaluation of stiff source terms. The linear combinations

for the intermediate stage and final updates are

1—1 ?
U =U"+AtY apF" (tn + AL, I‘JJ) +ALY ap P! (tn + A, [jj)7
j=1 j=1
(6.7)

S
U =07 4 At S BEFE (tn SN Uﬂ) v <tn + A, UJ)
7=1

Each stage will require an implicit update when a% # 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
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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 a slower and faster timescales
separately with explicit or IMEX methods can be an ideal solution.

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

U = FE(t,U) + Fl(t,U) + FF (¢, 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
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the slow method in time. The slow IMEX methods will use a Butcher tableau of the form

oS | AL ofk} | AR gfh}

1| bLk  olkr | pEARY  ofk} (6.10)

Lk olk} | pEARY ik}

where the superscript “S” denotes quantities specific to the slow integration method, and the
additional row with the b vectors provide a stiffly-accurate form, and the superscripts {k}
denote a set of 0 < k < kmax tableau 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 proposed 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 A+ ASH, V(9)> +H (D)
kma k )
Z aE {k} ( ) FE (tn + CJS-At, [_J])

+ ab {k}( ) .7-"I<tn+cSAt UJ)

(6.11)

VO)=U"1, T =v(®), 0<6<AL
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The IMEX tableau used for the slow stages takes the form

kmax

E L E{k} I fma 1{k}
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.

6.2 GRM1

The Flash-X radiation transport physics module GRM1 implements the neutrino moment evo-
lution equations and numerical methods presented in chapter 3. This module implements the
public interface, i.e. 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. Follow-
ing the design principles stated earlier in the chapter, all terms in the evolution equation,
Eq. (3.101), are implemented as compact kernels operating on a single cell 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
[/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
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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)

A 1
At = O min <|—;’i> (6.13)

7

Frequently, |A\| = ¢ when there are regions were 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
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-
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cretized into cells of size Ar = 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

0.20
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0.15
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0.05

0.0

i

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 zy-plane at a time t = 0.4. The
results for the more-dissipative § = 1 and less-dissipative 6 = 2 limiters are displayed in the
upper and lower halves, respectively, with the black-dashed line separating the regions.
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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 translate the on-axis configuration’s fixed source to x =
0.1 and rotates it by 45° in the xy-plane to lie along the line z = y. Again, the simulations
are initialized to E = F' = 0 outside of this region, and then evolved until a time ¢ = 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

1.0

X

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 ¢ = 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.
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configuration now extends to all sides. This effect is again more pronounced with the more-

dissipative # = 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 a non-unit lapse and metric components, and 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-Schild Cartesian coordinates,
the Schwarzschild lapse, shift, spatial metric, and extrinsic curvature are (Baumgarte &

Shapiro, 2010)

1+2M 2 +2M€£
, o g T Mg T Y

. 2Ma? 2Ma M 6.14
1 7 — _ _ V. :
pr=—= K;; _T[%’ (2+ ; )%} (6.14)
2 2 2 2 gy x!
ro=z" +y + 27, = i:7’

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
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
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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.

9

0 2 4 6 8
i

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 x-direction, and evolved until a time t = 15. The results show
the normalized energy density compared to the bounding null geodesics (solid black lines)
indicating the expected path of the beam.

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
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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).

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.

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
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opacity, Kapg., 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)

f(Ta M) - Jeq. 1-— 6_”abs.5(T7M)]

Rg(ryp)+rp, <R and —-1<pu<l1
s(r,p) = 5 ) (6.15)
2Rg(r, ), r >R and 1-— (%) <p<l

o = - ()

where © = 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
optically thin sphere, the equilibrium energy density and absorption opacity are set to the
values used in Smit et al. (1997), Joq. = 0.8 and k,p,g, = 4. For the optically thick sphere,
these values are set to the ones used in Abdikamalov et al. (2012), Jogq. = 10 and kg, = 250.
Both simulations place a sphere with a radius R = 1 at the origin on a one-dimensional
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. (3.128) 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
(%) , r>R %, r>R
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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 ¢t = 5.

08 e .
[ —— Numerical

0.6k N e Analytic |

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 6.5: Results for the optically thin radiating sphere (Jeq. = 0.8 and ks = 4) at a
time t = 5. The numerical (red solid lines) and analytic (black dotted lines) solutions for
the energy density, momentum density, and pressure are compared.
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Figure 6.6: Results for the optically thick radiating sphere (Jeq. = 10 and k,pg, = 250) at
a time t = 5. The numerical (red solid lines) and analytic (black dotted lines) solutions for
the energy density, momentum density, and pressure are compared.

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
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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 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 Eq. (3.107) 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
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 x = 0.3; the sphere’s absorption opacity is set to
Kabs., While its emissivity is set to kapg Joq. = 0. The domain is discretized into cells of
size Ar = Ay = Az = 0.005, and outflow boundary conditions are enforced along at 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 ¢t = 0.5, allowing the beam to
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pass the sphere and exit the domain.

X

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.

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
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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 Joq. = 1 and a
radially varying absorption opacity r,ps (r) = 10exp [—(47‘/ R)Z] A completely absorbing
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,pg = 106 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.
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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 solu-
tion. The normalized densitized energy density displayed to highlight difference between the
outward-propagating radiation and the shadowed formed behind the absorbing sphere.

Figure 6.8 displays the results for this test after the steady-state has been reached. As
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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
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.

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

HE = 14V2E, (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 = Kjso. 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
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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. (3.128) being applied to the Riemann solver

in Eq. (3.126). Assuming that the initial energy density is a point-like source at the origin
E(F,t =0) = 63(F), (6.18)

where T is the coordinate position vector. Solving Eq. (6.17) in a spherically symmetric

spacetime via a Fourier transform yields the analytic solution

Eint) <_) (-2) 619

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, ). (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
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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.

are not corrected for the optically thick limit, while the case for k = 10% has an optical depth

of 7 = 102, and the corrections are applied. Reflective boundary conditions are applied at
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the origin, and outflow conditions are enforced at the outer boundary.
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Figure 6.10: Results for the point-like source in a scattering medium with £ = 10%. The
numerical (solid lines) and analytic (dotted lines) solutions are compared at various times.

The results of each test are displayed in figs. 6.9-6.10. The numerical solution closely
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follows the analytic solution in both cases, verifying 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 become
highly non-linear when the fluid velocity is non-zero. Failure to retain the non-linear terms
or use of O(v/c) approximations can lead to violation of energy conservation and 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).

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 place at the origin with

the shape
E(z,0) = exp (—9372). (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

E(z,t) =

2
O —wt)") (6.22)
1+ 3674t

1
ST 36mqt ¥

The domain spans —5 < x < 5 and the z-axis is discretized into 1025 cells. The background
medium is assigned a scattering opacity x = 103 and a velocity along the z-axis of v = 0.5.

The results at a time t = 4 are displayed in fig. 6.11. The potential issues associated with
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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.

an incorrect treatment of the non-linear source terms are not present in the solution, verifying
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.
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For this test, a one-dimensional Minkowski spacetime spanning —1 < x < 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, z<0

0.9, >0

for a relative Lorentz factor W = 10 across the jump located at x = 0. The beam is initialized
as £ = F¥ =1 in the region x < —0.5 and zero elsewhere. Separate simulations will use the

more-dissipative (f = 1) and less-dissipative (6 = 2) limiters.
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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 vy, = —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).
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Both simulations demonstrate the GRM1 solver’s ability to advect the radiation beam
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
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

(0] , B W 1 _ UT o0 ,

The steady-state limit of the frequency-integrated evolution equation for the energy density,
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Eq. (3.44), in the optically thin limit shows that the final bracketed quantity in Eq. (6.24) is
(0. ¢]
a/ dv F(TV) = 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 K, = 100. The frequencies are discretized around a T' = 5 MeV
equilibrium Fermi-Dirac distribution using five frequency collocation points; the equilibrium
energy density and emissivity for each frequency are also set from this distribution. A one-
dimensional 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
i _0_2( — ) 90 < r < 100 | (6.26)
2
_0_2(@) C r>100
\ T

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
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
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spherical Minkowski spacetime

2
S hoM L 1—2M§, r<R
a=1{2 B2 R (6.27)
[ oM
1—— r>r
T
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Figure 6.13: Luminosity measured in the co-moving frame for the finite-velocity case. The

numerical results (red solid line) are compared to the expected results (black dashed line).

The velocity profile (black solid line) and lapse (blue solid line) are shown for reference.
Each simulation was evolved until a time ¢ = 1000. An initial set of tests using the

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
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Figure 6.14: Luminosity measured in the co-moving frame for the finite-mass case. The
numerical results (red solid line) are compared to the expected results (black dashed line).
The velocity profile (black solid line) and lapse (blue solid line) are shown for reference.

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 constitute a successful test of the redshifting discretization. The
results obtained here with only five neutrino frequencies compare favorably with the similar
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
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Figure 6.15: Luminosity measured in the co-moving frame for the combined finite-velocity
and finite-mass case. The numerical results (red solid line) are compared to the expected
results (black dashed line). The velocity profile (black solid line) and lapse (blue solid line)
are shown for reference.

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 5EZN = EZN — E(zj,ty). From these residuals, the
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discrete Lo-norm can be computed over the grid (LeVeque, 2002)

HaENH2 = A>T (B - 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 for the 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)

E(rt)=F'(rt) = 2703 (1~ 2M /r)*"

(6.30)

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

2M —2M
r*:/drr+2M:r+4Mlog{T ] (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 8]t\42 0) ] . (6.32)
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The radial axis of a spherically symmetric domain is discretized into 2k cells, for k € [9,13].
The simulations are evolved until a final time ¢5r = 35. The shape of the pulse is extracted

from the numerical results as

2M 2
ET =2,/703 (1 - —> E. (6.33)
T
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Figure 6.16: Initial and final state for a radiation pulse in an optically thin Bondi flow from
the highest resolution (k = 13) case. The extracted shape of the wave pulse is extracted and
compared to the analytic result.

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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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).

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

—_
|
D=
[N

<z <
E(z,t =0) = . (6.34)

0, otherwise
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Solving Eq. (6.17) with this initial condition gives the analytic result

Byt) = et (222 P[22 6.35
(x,)—g er Nt —er T )| (6.35)

The background scattering opacity is set to kigo = 103 everywhere in the domain. The
domain spans —2 < 2 < 2 and is discretized into 2¥ cells, where k € [7,11] for separate

simulations. Each simulation is evolved until a time ¢t = 10.
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Figure 6.18: Final state for a radiation pulse in an optically thick scattering medium from
the £ = 10 case. The numerical result (red solid line) follows the analytic solution (black
dotted line) closely.

The results for the £ = 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 HLLE

153



Riemann solver and the generalized minmod limiter are only second-order accurate in smooth

regions of the solution.

1072 F ' ' ' ' T T | ]
——  Numerical o

........ Second_order

1073 F

1€Y1

Convergence rate: 1.77 4+ 0.02

1072

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).

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 evolu-

tion equations in compact kernels, which are then applied to individual cells in grid block-
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or row-levels procedures. These procedures are organized and managed directly 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-steps will again be limited by a CFL number
as in Eq. (6.13). For one-dimensional simulations will use C.g = 0.5 and two-dimensional
simulations will use Coq = 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
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
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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 = 0.5. The numerical results (red dotted
lines) capture the shock and closely follow the exact solution (black solid line).

can not only capture the shock, but also correctly include the fully velocity-dependence in

the solution. The initial left (L) and right (R) states will be set to

pt=10"3, pl=1, ot =0, (6.36)

=103 pR=107  sR=0, (6.37)

and an initial transverse velocity (relative to the direction the shock travels) is separately set
to vﬁ =0 and ?}jR_ = 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
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simulations are then evolved until a time ¢ = 0.4, allowing time for the shock and rarefaction

waves to clearly develop while still staying within the computational domain.
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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).

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
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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. The two-dimensional setup for this
problem separates these regions along the y-axis, and sets the initial flow directions along

the z-axis, and uses the initial values for the velocity and density

y — l
Votanh( d2>’ y>0
v (y) (6.38)

_ ) 7
+_
—Votanh<yd2>, y<0

( - ) 92
(v-3)
AgVysin (2mz)exp | —————|, y >0
o
v (z,y) = - 57 , (6.39)
G
—ApVpsin 2rz)exp | —————|, y <0
o
\ L .
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and

y—1
p0+p1tanh< d2>’ y >0

ply) = L :
po — p1 tanh (ydz)’ y<0

where V) is the magnitude of the initial opposing velocities, d is the distance over which the

(6.40)

velocities change, Ap and o describe the amplitude and width of the initial perturbation,
respectively, and pg and pq are used to set the initial densities. The parameters are set to

the values

Ap = 0.1, oc=0.1 (6.41)
pp = 0.505, pp = 0.495

For this simulation, the domain spans —0.5 < z < 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 T'-law equation of state is used with I' = 4/3. The simulation is ran until a time ¢ = 3.
The results shown in fig. 6.22 display the development of the primary larger vortices expected
for this type of instability. The smaller secondary smaller vortices represent numerical ar-
tifacts that develop 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, maintain-
ing 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 in handling relativistic velocities and

developing dynamic features such as the vortices seen in Kelvin-Helmholtz instabilities.

159



Kelvin-Helmholtz Instability - t=3.0 - 256 x 512

— 2.00
0.75 1.75
0.50 - 1.50
0.25 - 1.25

>~ 0.00 -1.00 @

-0.25 - 0.75

-0.50 0.50

-0.75 0.25

. . . — . 0.00
-0.4 -0.2 0.0 0.2 0.4

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 vortices, as well as the smaller
secondary vortices that can be attributed to the resolution and numerical methods.

6.3.3 Bondi-Hoyle Accretion

The Bondi-Hoyle problem describes the the accretion of an infinite gas cloud onto a mov-
ing star (Edgar, 2004). This problem provides an excellent test for the general relativistic
capabilities 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 x-direction; the sound speed is chosen to be ¢,  such that the wind
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will be supersonic. An ideal T-law equation of state with T' = 4/3 will be used to invert the

density and sound-speed to find the initial pressure

pocg’O(F —1)

, (6.42)
r(r-1-c,)

Py =

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 Nij =
diag(l,r2 sine,r2>. Note that the order of the coordinate bases is (r, ¢, ) instead of the
typical (r,0,¢) to ensure that these two directions are properly treated as the first- and
second-dimensions during and direction-dependent calculations in the two-dimensional sim-

ulation. In this coordinate system, the initial velocity components are then set as

v¢(7‘, ¢) = —vpy/ 799 sin ¢,

such that the velocity points in the positive z-direction and ”yijvivj = U(Q); 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.

The domain covers the full 27 azimuthal angle and extending out to a radius of rypax =
100. The minimum radius is instead chosen as rp;, = 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
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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 ¢t = 1500, and the Cartesian projection of the results
are displayed in figure 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 that would be necessary if using a uniform grid of similar base
resolution. These results compare favorably with the similar simulations performed in Font
& Ibdnez (1998); Zanotti et al. (2011); Blakely & Nikiforakis (2015); Donmez (2021), and
serve 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.

1Second-order interpolation is not ideal for the fourth-order methods used through 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 modifications of the Grid module and its interface to Paramesh to access.
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Figure 6.23: Results for 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). A strong shock cone forms downstream from the black hole.

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

the lapse «, shift vector A%, spatial metric Vijo the extrinsic curvature K., and the three

Y
projections of the stress-energy tensor &, §;, and Sij' 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 stress-energy provide a common location for all physics
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solvers to add their contributions. The Eulerian projections were chosen to represent the
stress-energy tensor since these quantities easily calculated 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 z,y, z-components for
tensors of rank-one or 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
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.
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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 gravitational
wave, 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 of a Minkowski spacetime in a Cartesian coordinate basis will include a
linearized plane wave along the z-axis in the transverse components of the spatial metric,

such that the line element takes the form
ds? = —dt? + da? + (1+ B)dy? + (1 — B)dz?, (6.44)
where the perturbation is given by the sinusoidal

B - o [0 49

with an amplitude A and wavelength d. The 3+1 split spacetime quantities can immediately

be read off as
a=1, B'=0, ~; =dag(l,1+B,1-B). (6.46)

With a zero shift vector, the extrinsic curvature can be found from the time derivative of
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the spatial metric (Baumgarte & Shapiro, 2010)

1 ) 1 1

The amplitude and the wavelength of the perturbation are set to A =108 and d = 1.
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Figure 6.24: Results of the linear wave test performed by the Z4c solver. Relative errors in
the offset, amplitude, and phase of 7,, component’s waveform to the analytic solution, and
the Hamiltonian constraint violation, are presented for the three resolutions described in the
text.
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The domain spans 0 < < 1 to cover one full period of the wave along the x-axis.
Three sets of simulations at different resolutions will be performed, with grid cells of size
Ax = 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 will be ran for each grid resolution using both the Z4c
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Figure 6.25: Results of the Linear wave test performed by the CCZ4 solver. Relative errors
in the offset, amplitude, and phase of v,, component’s waveform to the analytic solution,
and the Hamiltonian constraint violation, are presented for the three resolutions described
in the text.
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and CCZ4 solvers, and evolved for until a time ¢ = 100. Time-steps will be determined by
the light-crossing time of a cell limited by C.q = 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 ¢ = 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
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, of 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
proposed in Daverio et al. (2018), and for the waveform in the «y,, component, the Fourier

transform takes the form

N
’yzz 1} exp [—27Tik(:pj - t)}, (6.48)
=1

ZIH

J

where N = 50p is the number of grid cells along the x-axis, and the metric component
is explicit 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 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
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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 [F—A
A?

™
F —
a1 arg r'q +

S| Fp| = o|F1| = dlarg 1] = 5| (6.49)

where the initial phase of the wave in the 7,,, —m/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 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
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)

1— M/(2r M\
o= HTM Vij = (1+2—r) i (6.50)
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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 r = M /2. In all
simulations, the black hole mass will be set to M = 1.

The first set of tests are 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 < x < 6.4 and 0 < y, 2z < 0.05. A reflective condition is used at the
x,1y,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, k9 = 0, and n = 2, while the CCZ4
simulation sets k1 = 0.1, k9 = 0, k3 = 1, and n = 2. Kreiss-Oliger dissipation is set to
o = 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-
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 + M Z.Mi +024 47 i i. The levels of constraint-violations approach and remain

steady around time ¢ = 100. The CCZ4 results are displayed in fig. 6.27, and show the

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 backend implementations.
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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-
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.
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Figure 6.26: Results of the Schwarzschild black hole stability test performed by the Z4c
solver using a uniform grid.

Further simulations were performed with the solvers to test compatibility with the AMR
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Figure 6.27: Results of the Schwarzschild black hole stability test performed by the CCZ4
solver using a uniform grid.

capabilities in Flash-X. The same general setups were used, but extended the long, thin slice
near the z-axis 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 criteria (this is currently the only criteria available in Flash-X). This
criteria was sufficient to further resolve the grid near in the regions closer to 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,
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Figure 6.28: Results of the Schwarzschild black hole stability test performed by the Z4c
solver using AMR.

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 occurs after the initial refinement of
the grid after setting the initial data. Again, these results exclude the region inside the event
horizon that where the constraint-violations are much higher. These constraint-violations
quickly out pace 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 refinements, but also during guard cell filling
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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.

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 block 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.
At a later time ¢t = 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.

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
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Figure 6.30: Spatial distribution of the Hamiltonian constraint violations at a time ¢t = 10
during the evolution of a Schwarzschild black hole performed by the Z4c solver using AMR.

requirements for these simulations, as too high a level of constraint-violations are introduced
during initial refinement operations and guard cell filling across refinement operations. Fur-
ther study is necessary to fully understand the cause of these failures. Continuing work will
seek to remedy these issues and provide more robust and accessible capabilities for higher-
order interpolation across refinement levels, as well as improving the refinement criteria for

use in dynamic spacetime evolution.
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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 the inclusion of neutrinos. The formalisms presented here have all been
implemented and tested in Flash-X. Work continues on coupling these solvers and 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 function. 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
integral 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 this features in the presence of relativistic velocities in both flat and curved
spacetimes. Additionally, this implementation of this 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 numerically integrating Einstein’s equations of
general relativity 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 compatibility 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. Chiefly among these is the new
method-of-lines (MoL) time discretization that provides an alternative to the rudimentary

operator-split method that delegates time-integration responsibility to each physics solver

177



on a turn-by-turn basis. The new discretization allows for more consistent 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 tableau.

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 CC-
SNe 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 (—, +, 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 com-
ponent, and 1,2, 3 are the spatial components. However, the indices ¢, 7, 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 = vyl +vgv? + 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 v; j using this convention takes the form

1 2 3
v =Y 71207 F 130,
Vi = injU] = Vg = Y91 Ul + ’722'02 + 723?]3, (A2>

1 2
vg = 310" + 320% + 330",
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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

206 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 either

L The use of these older sets of values is for compatibility with values used throughout Flash-X.

190



in powers of Mg or ¢, providing a convenient scale for neutron star mergers. Neutron stars
have masses of O(Mg) and radii of O(10% 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 h = 1) in neutron star mergers to take average values ranges 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 reproduced in part for
reference below.

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? = =22 qg? 4 M) @2 412402 (B.1)

where ®(r) and A(r) are two metric potentials that only depend on the radius, and dQ) =
d6? + sin2 0 d¢? is the differential solid angle on the unit sphere. Since the solution 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 _ 27”(”’)] 71‘ (B.2)

everywhere outside of the star. Using the spacetime metric described by Eq. (B.1) in the
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Einstein field equations, Eq. (5.1), along with the stress-energy tensor of an ideal perfect
fluid in Eq. (4.1), 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

®(r)

((1:1—7:& = d7re, (B.4)

do _m+ 47r3p

D I B.5
dr  r(r—2m)’ (B.5)
dp do
- —_— B.6
dr (e +p) dr’ (B.6)

where e = p(1 + ¢€) is the total energy density.

Each possible solution is determined by 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 Eq. (B.5) is linear in ®; 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 increasingly smaller radial step sizes to find the exact location

without stepping past the surface of the star.
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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

o1 B.8
dp e+p (B-8)
dr _ r(r—2m) d® (B.9)
dp  m+4nr3pdp’ '
dm o dr

— =1 —_—. B.10
O r edp ( )

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

O(R) = %m (1 - %) (B.11)

which can then be added to ®(r < R) to determine the interior solution (provided that
®(r = 0) = 0 was chosen as the initial condition). 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 ¥+ each at a constant time ¢ 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 is defined as
na - _O{Vat, (C].)

where the lapse function o characterizes the separation between the spacetime hypersurfaces.

In this 341 decomposition, the invariant line element takes the form
ds? = gap da da® = —a? dt? + ;5 (da’ + 5 at) (da’ + 7 dt ), (C.2)

where g, is the spacetime metric, A" is the shift vector characterizing the coordinate shift
from one hypersurface to the next, and v;; 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

where 0° is the spatial zero-vector.

The spatial metric v;; acts as a projection operator onto X, 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® = —n*Vyn, = 0, (C.5)

where the final step follows from the compatibility of the covariant derivative with the

spacetime metric, i.e. V. = 0, and

n’Ving = 7% Vylna = dgna. (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, and with the relations in

Eqns. (C.5)—(C.6) is given as

K, = —Viyng —nynVeng = —=Viyng — npdg In (C.7)

from which it follows that n®K;, = 0.
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For spatial vectors, it follows from Equs. (C.2)-(C.3) that
ng* =n, =0 = 1= (vjﬂj,vi>, (C.8)

leading to some useful identities involving the Eulerian four-velocity and spatial vectors

n*Vyvg = Vi(nvg) — 0v9Ving = —0*Viyng (C.9)
and
on® o\ 0 (1 RO (1Y 108%| v 0Bk
Uaaxb B <Ukﬁ >3xb (a) vk [ﬁ Ozl (a) * adzb | a dab (C-10)

In a 341 decomposition of the spacetime, the covariant divergence of a tensor Q“bc can

be written as

1 0
a /7y o0x?

VaQabc _ ( o \/,—YQabc> 4 deaQadC _ chaQabd’ (C.11)

where the Christoffel symbols are

1 0 0 0
a _ * ad Y9Y9cd 9bd ~ 99bc
Foe = 29 (8xb + ¢ 5$d) (C.12)
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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 3+1 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. F = E(U>.
D.1. Covariant Derivative of the Moment Expansion

This section derives the evolution equations for the moment-expansion of radiation dis-
tribution function. With a more compact notation, the arbitrary-rank moment-expansion

repeated here for convenience

(5(V—l—u p/C)

A — AL (b c la

MA% = M k(x ) —/de/ CueF [T 7 | fon. (D.1)
¢ akeAk,

where f(yl) =f (;Ub, P’ a). Taking the covariant-divergence of Eq. (D.1) with respect to the

b

spacetime coordinates x” results in the three separate terms

dVyy 35(1/+u p’c)
VM| = —/—p PP PV ue——— 2| (D2
N T} e
S(v 4 uep'®
[VbMA’be = /de/(—,cck) IT p'bf(yf) [(k = 1D)p“Vyuc], (D.3)
(_'U/cp ) akGAk,
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and

k-1

S(v + uep'®
[VbMAkb} — / av, Oy +uer) [T 7 )7 Vof() (D.4)
3 (—Ucp/c) 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 gives allows writing Eq. (D.2) as

b, Ic r 7
PP W) [0 (v + ucp™)]
- Viyu /dV’ p'% —ucp'©

pUc p akl;[élk (_ucp/c)k _( c ) 8(—ucp/c) _
b, Ic r 7

perfon o —uep’) o (v 4 uep’®

= —Vbuc/dv; H p/ak ( /(cy]z [( ca(zu(p/c) - ” ) (D5)

ak‘eAk‘ —Ucp ) L ¢ i

where the additional derivative term of the form 8(—ucp’ C) / 8(—ucp’ C) — 0 under integra-
tion is suppressed in the final result. Next, applying the J-function identity dy[yd(x — y)] =

—0z[xd(x — y)] allows further simplification of Eq. (D.5) into the form

b, Ic p Ie
Ve [avg ([ T[ v ) f<u>[a[ws<u+ucp )]]

apEA}, (—uep/®)" v
/c
= 2 vauc/dV/ H /% p/bplcé(u—l—ucp )f(’//)
p
o apey (~ucp')"
- %(VMAkbCVbuC). (D.6)

For the next term, pulling momentum-independent quantities outside of the integral

allows Eq. (D.3) to be written as

5 V+U p/C
( c k;) H p/ak p/bp/cf(yl> = (k— 1>MAkbCVbUc- (D.7)

(]C — l)Vbuc/dV;?/ _ /c)
Ucp a’k’GAk‘
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The final term involves the covariant derivative of the distribution function, which reduces
to a simple partial derivative since f<y/) is a scalar function. As the moment expansion is
valid only for specific values of the frequency v, using the Boltzmann equation in Eq. (3.6)

at a fixed momentum-coordinate, Eq. (D.4) can be further simplified as

/dvp ) (o s )
(—uep'®) aed, ox
— [av, 5(V + Ucplc) H % p/b (_uCp/C) ﬂ
D (—uep' k-1 /b dt
P ) ap€Ay p coll.
5(v + uep”) af
= dV, _— H p/ak —_—
P 1c\k—2 dt
( uep'©) ap€Ay, coll.

Collecting these results together shows that the evolution equation for an arbitrary-rank

of the moment expansion is

ot - [opt], o] [t

v, MARD — % <VMAkbCVbuC) — (k — )My, = S (D.9)

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).

The radiation energy density equation results from projecting Eq. (3.21) along the Eulerian
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observer’s four-velocity n®
ab d abc _ a
ng VM — (vng M Vyuc) = ngS™. (D.10)

ov

The final two terms in Eq. (D.10) 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.11)
Taking the projection of Eq. (3.32) along n®
nagM® = —Enb — (D.12)
and using Eq. (C.11), the first term in Eq. (D.11) becomes

Vb<naMab) - —Vb<Enb n Fb)

:_ﬁ%[aﬁ(]@nb%—ﬂ’ﬂ
B B W .
= a7 m%[ﬁ@m BE)|. (D.13)

Making use of Eq. (C.7), the second term in Eq. (D.11) is

0l
~M®Vyn, = (Enanb + Fonb 4 Fonf Pab> <Kab + —32;1)
Olna

= PYK;; — F° o

(D.14)
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Combining Eqns. (D.13)-(D.14) in Eq. (D.11) and using the result for the first term of

Eq. (D.10) 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.15)

where the tilde-quantities are once again the densitized moments, e.g. E = VYE.
The radiation momentum density evolution equation results from the spacelike projection

of Eq. (3.21)
0
Yia VoM™ — 3 (V%‘aMachbUc> = YiaS". (D.16)

In a similar manner as the timelike projections, the first term in Eq. (D.16) can be written

as
YiaVM® =V, (’YmMab> — MV ;4. (D.17)
Taking the spacelike projection of Eq. (3.32)
YiaM® = Fin? + PP (D.18)
and using Eq. (C.11), the first term of Eq. (D.17) becomes

Vi <7iaMab> =V, (Fﬂlb + sz>
= &\1/_ 6817 [a\/_<Fn + Pb )} _ [‘Cl_chnb N Fcibpbc' (D.19)
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The first term of Eq. (D.19) is then

1 0

o [a‘/_<Fn + P )] oz\/_(?t[‘/_ Fil + ayf ozl [ﬁ<apji _Fiﬁjﬂ' (D-20)

Oz\/_('?x

Using Eq. (C.3), Eq. (C.7), and Eq. (C.10), the second term of Eq. (D.19) becomes

_Fcszcnb - _Fcrcblnb

on®
_ dv .
=—F, (gc v 8:Ei)

Iy 053
FdVan - %
. F; 99
_ . J
= FJKW A (D.21)

Using Eq. (C.12) and noting that g;; = 7;;, the third term in Eq. (D.19) 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 agii’ (D.22)

where the final two terms cancels under contraction due the symmetry of P%. Finally, using

Eqns. (C.6)—(C.7) and Eq. (3.32), the second term in Eq. (D.17) becomes

— MOy, = — (Enanb + Fnl + FPp® + Pab> (Vpgia + 1 Vona + naVyn;)
— En’Vyn; + F'Vyn;

1
- Eaazf‘ — FIK;; (D.23)
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In total, using Eqns. (D.17)-(D.23) in Eq. (D.16) 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.24)

D.3. Eulerian Projection of Frequency-Space Advection

The core of the frequency-space advection term involves the contraction of the third-rank
moment expansion of the distribution function (k = 2 in Eq. (3.7)) and the covariant deriva-
tive 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 the Eulerian

projection. Making use of Eq. (3.68), 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.25)

Using Eqns. (C.5)—(C.6) and Eq. (C.9), the first term of Eq. (D.25) 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.26)
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from which the second term of Eq. (D.25) 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.25) follows as

5bpe {WVbnc - nc% + Vb(ch)} — 5w [
T

LW

+ Wwo
Ol

kalna} (D.27)

oxk

Eq. (C.7) and Eq. (C.9), the third term of Eq. (D.25) becomes

ow
oxt

v, (WUC)]
{ Ly, (nj)}

= aRZ |: - WUJKZ]:| ) (D28)

ow

o (D.29)

- WU]KZJ:| .

Using Eqns. (C.5)—(C.6) and Eqns. (C.9)—(C.10), the fourth term in Eq. (D.25) 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’

g (Wt )]

+7in

Yigh

+'sz

p OW vl

or Ta.b
p Wl

or Ta.b
b@Wv

oxb
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from which the sixth term in Eq. (D.25) can be found as

ow
SaC b |:WVbnc + nc a + Vb(W/UC)

— gui [Wa;% + %jnb% — Wl K + 9i—— Wk gfj (D.31)
Using Eq. (C.7) and Eq. (C.12), the seventh term in Eq. (D.25) is
ghepa {Wvbnc + ncgw + Vb(ch)]
n"ST (W i+ 7 V5 (Wt )|
st [k e U (G - )
— n®S% _—WKij + Vik a?;?k + W;k gf,g ] , (D.32)

where the last line follows from S¥ = S7%. Finally, the last term in Eq. (D.25) can be found

in the same manner as Eq. (D.32) as

oWk Wk v,

) oW .
Tabe [Wvbnc trnes g+ Vb(ch)] =T =WEij + ik 5 gk |- (P33
In full, using Eqns. (D.26)—(D.33) in Eq. (D.25) 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
_ LAy _ J atj
Wi =ik e (n S 4T ) (D.34)
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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 £ and F'®. While these quantities can
be interpolated via the closure relation in 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 A%+ dinie P o

b b b
= M§” + dinin M + denick Mk (E.1)

where each M@ represents the common terms (zero-subscript) and optically thin and thick

terms!, and the dinin and dipici are the interpolation coefficients

3x(€) —1

such that dipi, + dipick = 1. Projecting Eq. (E.1) via Eqns. (3.27)—(3.28) allows writing the

I The optically thick term in Eq. (E.1) is different than the similarly-named limiting form of the second-
rank moment used previously in Eq. (3.60), and only represents the terms present in the optically thick limit,

. ab _ pab
Le. Mipix = Pihick:
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co-moving frame projections in the form

J = By + dihin Binin + dihick Bthick (E.3)

For the energy density, the projected coefficients follow from Eq. (3.27) as

By = W2 (E - 2viFi> (E.5)

Bihin = W2E<Uifi)2 (E.6)
w2 —1 2 2 i

Bitick = 373 11 [(3 oW )E AW 2 P (E.7)

The momentum density is obtained similarly, but it is useful to separate the terms fur-
ther relative to the Eulerian four-velocity n®, spatial velocity v?, and the Eulerian frame

momentum density F'%. In this form, projecting each term in Eq. (E.1) via Eq. (3.28) gives

§ = Agn® + Afv® + Aj F* (E.8)
P
?hin = A?hinna + Aghinva + Athin “ (EQ)
F
thick = Athick™" T Athiek?” + Athic " (E.10)

For the common terms shared by both limits, the coefficients are

Al = —W(B ~E+ kak> (E.11)
Ay = -WB (E.12)
Al =w. (E.13)
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For the optically thin terms, the coefficients are

n

thin = — "W Bthin
U= —WByy
thin thin

E .
F W k
Finally, the optically thick coefficients are

thick = —W Bihick
3 — 2?2 oW?2 — 1
thick = —W (Bthick +

Fo 9
Athick = W7,

where v? = 'yijvivj.

—E_|_—
M2Z+1  awZill

(E.14)
(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

ab ab ab
L™ = dipin Lipiy + dehick Lipick

b b b
N = dipinNipin + inick Viniek-
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APPENDIX F. Neutrino-Matter Interation Source Term Jacobian
For the neutrino-matter interaction source terms in Eq. (3.106), the included interactions do
no 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

" 05% " 05
Ny g —
B _a IF OF;j (F.1)
ou S, a5S;
oF aFj
Using Eqns. (3.99)—(3.100), the elements of the jacobian are
05 oJ OH?®
—Ng oF = _W’{abs.a_E — (Kabs. + K“iso.)naa—E (F.2)
05 o0J oOH%
_naﬁ = _W“abs.ﬁ — (Kabs. + ’fiso.)naﬁ (F.3)
J J J
05S; oJ OH;
8_Ef = _W’{abs.a_Evi — (Kabs. + "’fiso.)a_EZ (F.4)
0S; 0J OH;
8F;' = _Wﬁabs.a_FjUi — (Kabs. + KiSO')a_F;’ <F5)

where H; = 7;,H®. For each of the co-moving frame quantities, these derivatives can be

written in terms of the closure interpolation as

8J OB 9By OBy
9J 0B 9Bihin 9Bihick
_ . dirs F.
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and

Ng 6(9}}[; = na% + dthin (na ag%“) + dhick (%%) (F.8)
Ng %ﬁj = nag_;—l; + dthin (na 821%m> + dhick (%%) (F.9)
%% = %;% + dihin (8&5?1]0) + dihick <—aﬁggmk> (F.10)
ggj = g?j + dthin <%}Jhm> + dihick <—8A§}?iCk> : (F.11)

Using Eqns. (E.5)—(E.7), the terms in the derivatives to the co-moving frame energy density

are
0B 9
- 1
95 W (F.12)
O0Biy; A\ 2
i =2 (v fF) (F.13)
aBthick _ <W2 B 1) (3 — 2WZ) (F 14)
OF 2W2 4+ 1 '
and
33 . 92 ]
OBuin  2W2Euf 1 ok 7
B 2VBl (1)) w20
OBihick _ 4W* (W2 — 1)?)j (F 17)
OF; 2W2+1 '

For the co-moving frame momentum density, instead of considering the derivatives of H%
with respect to £ and F; 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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are

na% — W(g—g - 1) (F.18)
na%%in = W% (F.19)
o
na% = W% (F.20)
nag—;{: = W(S—Z + vj> (F.21)
na% = Wag—;{;n (F.22)
na%}jd{ = Wal;t—]fjji_d‘. (F.23)

Similarly, the derivatives of the spacelike projections are

().
aﬁéghm _ _W{ (%)W + () f] (F.25)
s v () + 5] 2

and
-3
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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 tableau. Each 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.

# 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.1: Example Config file for the RK4 integration method.

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.2: Example subroutine for the ERK RK4 integration method.
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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.1 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.2.

The remainder of this appendix list the currently available methods in the Flash-X MoL

ERK, IMEX, and MR time-integrators.

G.1. Explicit Methods

00
1

Table G.1: First-order single-stage forward Euler method (LeVeque, 2007)

0 0 o0
101 0
1/2 1/2

Table G.2: Second-order two-stage Heun’s SSP RK2 method (Shu & Osher, 1988)

1/21/4 1/4 0

1/6 1/6 2/3

Table G.3: Third-order three-stage SSP RK3 method (Shu & Osher, 1988)
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1/2

1/2

1/6 1/3 1/3 1/6

Table G.4: Fourth-order four-stage classic RK4 method (LeVeque, 2007)

G.2. Implicit-Explicit Methods

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. In each tableau

presented below, the implicit scheme will be on the left, and the explicit scheme will be on

the right.

Table G.6: ARK(1,2,1) from Ascher et al. (1997)
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010 0| 0 O

1210 1/2|1/2 0

0 1 0 1

Table G.7: ARK(1,2,2) from Ascher et al. (1997)

o0 o0 0]0 0 O
10 v Oy 0 O

110 1=y |0 1—=9 O

0O 11—y |6 1=6 0O

Table G.8: ARK(2,2,2) from Ascher et al. (1997); v = (2—+/2)/2 and § =1 — 1/(27)

110 1= ~|d 1=6 0

0 I—-v 710 1=v 7~

Table G.9: ARK(2,3,2) from Ascher et al. (1997); v = (2 — v/2)/2 and § = —2v/2/3

0 1/2 1/2| o0 12 1/2

Table G.10: ARK(2,3,3) from Ascher et al. (1997); v = (3 + /3) /6
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1 |0 by b3 n|1l—2aa a «a O

0 by b3 7 0 by b3 7

Table G.11: ARK(3,4,3) from Ascher et al. (1997); Chinomona & Reynolds (2021); see

Eqns. (G.1)-(G.5) for the coefficients.

The coefficients in table G.11 are

n = 0.4358665215084589994160194511935568425293,

a = 0.5529291480359398193611887297385924 764949,

15 21 5\ 7 9 4
=al ——1 — ——+13n— =
az a<4 on + 47)) 2+ 3n 2?7,

15 21 25 9
azo = a<—— + 151 — —7]2> +4—-—n+ —772,

4 4 2 2
3 5 1 3 5 5

R Anp — =, by = —p* — =,

bo 2'rz+n 1 B=3 577+4

010 0 0 0 0 0 0 0

1210 1/2 0 0 0| 1/2 0 0
2/310 1/6 1/2 0 0 |11/18 1/18 0

/210 —-1/2 1/2 1/2 0 | 5/6 —5/6 1/2

1|0 3/2 =3/2 1/2 1/2| 1/4 7/4 3/4 —7/4

0

0

Table G.12: ARK(4,4,3) from Ascher et al. (1997)
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G.3. Multi-Rate Methods

Coming soon!
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