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Abstract

In this thesis we present a series of studies in numerical relativity investigating stability, hyper-
bolicity and critical phenomena. The first part of our work is dedicated to the study of d-stars,
hypothetical objects consisting of a boson star and global monopole minimally or nonminimally
coupled to the general relativistic gravitational field. The space of solutions for these systems is
large and, for a wide range of coupling parameters, exhibits ground state solutions with asymptotic
shells of bosonic matter. After demonstrating the existence of these stationary solutions, we turn
our attention to their stability through a combination of linear perturbation theory and dynamical
simulation. In doing so, we demonstrate that the novel solutions we have found, as well as the
highly compact solutions investigated by previous authors, appear to be generically unstable to
radial perturbations. As such, we find that d-stars are poor candidates for astrophysically relevant
black hole mimickers.

Generalizing from the stability of solutions to the stability of methods, we introduce a novel
formulation of numerical relativity which we refer to as reference metric covariant and confor-
mal Z4 (RCCZ4). Like its Z4 namesake, RCCZ4 promotes the 3+1 Hamiltonian and momentum
constraints to dynamical degrees of freedom. Unlike Z4 however, RCCZ4 accomplishes this by
coupling the constraints to an external reference metric completely independently of the physical
metric. Although we have only investigated RCCZ4 in the case of time independent Lorenzian
reference metrics, the method may generalize to user specifiable reference metrics which could po-
tentially confer additional beneficial properties. Even in this simple case, however, the performance
of RCCZ4 is comparable to leading hyperbolic formulations.

The final part of our thesis works towards developing superior understanding of strong field
gravity through the investigation of gravitational collapse. We consider the system consisting of
the electromagnetic and general relativistic gravitational fields and investigate the threshold of black
hole formation in axisymmetry. Previous studies of this system have reported family dependent
scaling phenomena as criticality is approached. Although we find good agreement with previous
investigations of dipole-type initial data, our investigations of quadrupole-type initial data point
towards universal scaling as opposed to family dependent scaling.
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Lay Summary

General relativity (GR), describes how mass and energy interact with the fabric of space and time.
While the equations governing GR. are incredibly powerful, they are often far too complicated to
solve analytically for scenarios of interest. By studying GR in a numerical lab, we are able to inves-
tigate extreme conditions and test GR’s predictions both against observations and in comparison
with other theories of gravity.

Our research focuses on three key topics within numerical relativity. We start by examining
boson d-stars, theoretical objects that our simulations reveal to be poor candidates for black hole
mimickers. Next, we introduce a novel computational approach for GR simulations. This new
technique not only performs well against established methods but also leaves room for future
improvements. Lastly, we study the threshold of black hole formation from electromagnetic waves,
or light, offering new viewpoints that contrast with earlier research.
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appears to be an effect of the non-minimal global monopole coupling rather than
non-minimal boson star coupling. . . . . . .. .. Lo
Progression of boson star profile, 1, about a critical central amplitude for family
e as a function of central amplitude. Approaching the critical central amplitude
(V¢ = 4.04229 - 1072) from below (yellow), there are no shells far from the origin.
As the critical central amplitude is crossed (blue), a matter shell appears some finite
distance from the origin. As the central amplitude is further increased (red), the
shell increases in mass and begins to migrate inwards. In contrast to the behavior
of the minimally coupled case (Fig. , the shells of matter appear/disappear at
some finite distance from the origin. Note that when a version of this figure appeared
in [107], there was an error where the y-axis was labeled “i(r)-r” rather than “i(r)”
corresponding to an earlier version which did not use a logarithmic scale. . . . . ..
Progression of mass function, M (z), about a critical central amplitude (¢§ ~ 4.04229-
10~2) for family e as a function of central amplitude. Here we have plotted the same
solutions shown in Fig. [3.19. In contrast to the apparent behavior of the minimally
coupled case where the critical points can be determined by eye, in the non-minimally
coupled case the shells of matter disappear at some finite distance from the origin and
the asymptotic mass is continuous across the critical central amplitude. In general,
when the shells of matter appear/vanish at a finite distance from the origin, the
criticality function is of limited use in determining the value of the critical central
amplitudes. . . . . .. L e e
Areal radius of outermost shell () as a function of |¢(0) —v¢| for selected branches
of family d. Within a given family, the areal radius of the outermost shell follows the
scaling law Eqn. (3.59) with very similar exponents, p ~ 1. It is possible that the
variations in the computed exponents, relative to p = 1, would disappear in the limit
rs — 00, |Y(0) — ¢f| — 0, with the metric functions approaching their asymptotic
values. However, our code is incapable of exploring this regime. . . . . ... .. ..
Areal radius of outermost shell () as a function of |¢(0) —v¢| for selected branches
of families a, b and d. Given the variation in the parameters, the scaling exponent p
is remarkably consistent across families (p ~ 1). As in the case of a single family (see

Areal radius of outermost shell () as a function of |¢(0) —v¢| for selected branches
of families e and f. Here we plot the penultimate branch of family e as it is the
only one which exhibits a mass gap (see Fig. . It is observed that both the
minimally coupled and non-minimally coupled cases exhibit approximately the same
scaling exponent, p R 1. . . . . . . .. e e e e

Asymptotic mass as a function of central amplitude for a hypothetical family con-
sisting of three branches. The first branch consists of a single region while each of
the subsequent branches consist of two regions, the extent of which are delimited by
their mass turning points. Solid vertical lines denote the extent of branches while
regions within a branch are separated with vertical dashed lines. . . . ... ... ..
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Asymptotic mass as a function of central amplitude for family d. The lower panel
shows an expanded view of the upper plot highlighting the central structure. As
demonstrated in [107], the apparent discontinuities are genuine. These discontinuities
correspond to shells of bosonic matter of finite mass and particle number appearing
or disappearing at spatial infinity. . . . . . .. .. .. .. ... L
Convergence of the ls-norm of independent residuals for the trace of the Einstein
field equations (T'+ R = 0) in the case of a very strongly perturbed d-star. The
residuals of the higher resolution simulations are scaled by 16 and 256, respectively
such that overlap of the curves implies second order convergence. This figure encom-
passes approximately 50 light-crossing times or 20 periods of the central boson star
oscillation, TBS. . . .« . . . ..o
Convergence of charge conservation for strong field data where the residuals of the
higher resolution simulations have been scaled such that overlap of the curves implies
second order convergence. The oscillation period of the unperturbed central boson
star is denoted TBS. . . . . . ... e
Convergence of mass conservation for strong field data where the residuals of the
higher resolution simulations have been scaled such that overlap of the curves implies
second order CONVErgeNCe. . . . . . v v v v v v vt e e e e e e e e
Convergence of independent residuals for dA from family p; for a stable mode cor-
responding to ¢(0) = 0.030 and 3? ~ 3.21 - 107%. Here we plot the scaled residuals
of the metric function evaluated on grids of 2049, 1025 and 513 points using a sec-
ond order finite difference scheme for the independent residual evaluator. With the
scaling given in the figure, overlap of the curves implies second order convergence.
Combined asymptotic mass and maximum compactness plot for the family of mini-
boson stars (minimally coupled boson stars in the absence of a global monopole).
The region of stability is denoted in gray. Dashed lines show turning points of the

Combined asymptotic mass and maximum compactness plot for family ¢ (A% = 0.36,
Ag = 1.000, &g = 0, &¢ = 0). The region of stability is denoted in gray. Dashed
lines show turning points of the mass. . . . . . . . . .. ... ... .. ........
Combined asymptotic mass and maximum compactness plot for family d (A% = 0.81,
Ag = 0.010, £ = 0, &g = 0). No region of stability is found. Dashed vertical
lines show turning points of the mass while solid vertical lines denote boundaries
of solution branches. Here and in the next two plots the bottom panel shows a
zoomed-in view of a portion of the data in the top panel. . . . . . . ... ... ...
Combined asymptotic mass and maximum compactness plot for family e (A% = 0.25,
Ag = 0.001, &g = 3, £ = 3). The region of stability is shown in gray. Dashed vertical
lines show turning points of the mass while solid vertical lines denote boundaries of
solution branches. . . . . . . . . ...
Combined asymptotic mass and maximum compactness plot for family f (A2 = 0.49,
Ag = 0.010, &5 = 5, £ = 0). The region of stability is shown in gray. Dashed vertical
lines show turning points of the mass while solid vertical lines denote boundaries of
solution branches. . . . . . . .. L L
Combined asymptotic mass and maximum compactness plot for family g (A% = 0.09,
Ag = 0.010, £ = 0, &g = 5). No region of stability is found. Dashed vertical
lines show turning points of the mass while solid vertical lines denote boundaries of
solution branches. . . . . . . .. L L L
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4.16

4.17

4.18

4.19

4.20

4.21

Combined asymptotic mass and maximum compactness plot for family h (A2 = 0.08,
Ag = 0.10, £ = —4, £ = 5). No region of stability is found. Dashed vertical lines
show turning points of the mass. . . . . . . . . . . .. .. ... ... ... ... ...
Combined asymptotic mass and maximum compactness plot for family p; (A% =
0.09, \¢ = 0.04, £ =0, £ = 0). The region of stability is shown in gray. Dashed
vertical lines show turning points of the mass while solid vertical lines denote bound-
aries of solution branches. . . . . . . . . . ...
Combined asymptotic mass and maximum compactness plot for family py (A% =
0.25, A\¢ = 0.04, £ = 0, £ = 0). The region of stability is shown in gray. Dashed
vertical lines show turning points of the mass while solid vertical lines denote bound-
aries of solution branches. . . . . . . . . ...
Eigenvalues for the family of mini-boson stars. The modal structure shown here
contrasts with behaviour presented in Figs. for minimally coupled d-stars.
Note that at each turning point of the mass (vertical black dashed lines), a stable
mode transitions to unstable. Here, and in subsequent plots, eigenvalues, 52, are
shown as functions of sinh (x/3?) to better display the overall modal structure: the
magnitude of 52 varies greatly so x is chosen on a plot-by-plot basis to more clearly
show the overall behaviour of the eigenvalues. . . . . .. ... ... ... .....
Eigenvalues of family p; as a function of the boson star central amplitude, ¥(0).
Note the apparent discontinuities in the eigenvalues near branch transitions. In
these regions, the eigenvalues become near-degenerate and our solutions are no longer
convergent. Our observations, however, are consistent with the stable eigenvalues
approaching 2 = 0 at the branch transitions. Note also that there are an infinite
number of stable modes in each region; here we have plotted only the first three.

A more detailed view of the central region of Fig. for family p;. Interestingly,
the central branch is composed of four regions (rather than two), with the first and
last corresponding to shells very far from the origin. Unfortunately, the eigenvalue
degeneracy prevents us from investigating these regions in detail, but it is regardless
evident that the unstable modes persist through these regions (with the potential
exception of the very last region where we were unable to resolve any perturbations).
Eigenvalues of family py as a function of the boson star central amplitude, ¥(0). The
additional two branch transitions have split the second branch of family p; into three
distinct regions (see Fig.[4.17). Note that the region after the final branch transition
is qualitatively very similar to that of mini-boson stars as shown in Fig. [4.16. As
for family pi, it can be seen that the central branches exhibit turning points in the
mass corresponding to shells very far from the origin. . . . . . . . . . ... ... ...
Expanded view of Fig. showcasing details that were poorly resolved in the
original plot. Our simulation data is consistent with the eigenvalues of the poorly
resolved modes approaching 0. As for family pp, it can be seen that the central
branches exhibit turning points in the mass corresponding to shells very far from the
origin. Unfortunately, the extreme length scales in these solutions, coupled with the
eigenvalue degeneracy of the stable modes, prevents us from examining these regions
inmore detail. . . . ... Lo
Idealized plot of eigenvalues highlighting the underlying structure of family p;. Here
we plot stable modes in black, unstable modes in blue and modes which undergo
a stability transition within a region in orange. Note in particular how in a family
“close” to developing an additional branch transition, the eigenvalues “near” where
the transition would develop become increasingly degenerate. . . . . . . .. ... ..
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5.1
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5.4
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5.6

Idealized plot of eigenvalues in the case of a degenerate branch transition. The
transitioning mode has been split into a stable and unstable branch. As before,
we plot stable modes in black, unstable modes in blue and modes which undergo a
stability transition within a region in orange. . . . . . . . .. .. ... ... ... ..
Idealized plot of eigenvalues highlighting the underlying structure of family ps. As
A? is increased further relative to pi, the degeneracy of Fig. is resolved, and we
gain a new branch of stable and unstable modes corresponding to the new shell of
matter. . . . ... e e
Mass and mode structure for family p;. The asymptotic mass and eigenvalues mea-
sured via perturbation theory are shown in black and red as in Fig.[4.17, Eigenvalues
measured directly from dynamical simulation are shown as blue diamonds. In the
second branch, the blue diamonds indicating the existence of an oscillatory mode
with 82 > 0 do not correspond to any perturbative mode that we were able to
identify. . . . . .. e

I norms of the Hamiltonian and momentum constraint violations for the GBSSN
formulation. Simulations are shown for fixed resolutions (dashed lines) of 1025,
2049 and 4097 points. Results from an AMR simulation with a relative local error
tolerance of 10~ are shown as the solid colored lines. The AMR simulations are
well within the convergent regime. . . . . . . . . . ... Lo
l5 norms of the Hamiltonian and momentum constraint violations for the FCCZ4
formulation. Simulations are shown for fixed resolutions (dashed lines) of 1025,
2049 and 4097 points. Results from an AMR simulation with a relative local error
tolerance of 10™* are shown as the solid colored lines. The AMR simulations are
observed to be well within the convergent regime. . . . . . ... ... ... .....
I norms of the Hamiltonian and momentum constraint violations for the RCCZ4
formulation. Simulations are shown for fixed resolutions (dashed lines) of 1025,
2049 and 4097 points. Results from an AMR simulation with a relative local error
tolerance of 10™* are shown as the solid colored lines. The AMR simulations are
well within the convergent regime. . . . . . . . . . . . . ... .. ... ... .....
lo norm of the Hamiltonian constraint violation for the case of strong field initial
data for each of GBSSN, FCCZ4 and RCCZ4. The difference between RCCZ4 and
FCCZ4 is largely due to a more pronounced outgoing pulse of constraint violation
(which leaves nearly flat space in its wake) while the large static constraint violation
of GBSSN is concentrated at the origin and leaves behind a metric that does not
appear to be a valid solution to the Einstein-scalar equations. . . . . .. ... . ..
lo norm of the momentum constraint violation for the case of strong field initial
data for each of GBSSN, FCCZ4 and RCCZ4. Not surprisingly, the performance of
the three methods is largely equivalent as they are all designed to advect away the
momentum constraint violation. . .. ... oo oo oo oo
lo norm of Z, = g,(A" — A"™)/2 for the case of strong field initial data for each
of GBSSN, FCCZ4 and RCCZ4. As in the case of the Hamiltonian constraint,
the GBSSN errors are concentrated at the origin where the curvature takes on its
largest values. This error remains essentially static save for the mitigating factor
of dissipation. At this resolution, FCCZ4 preserves the constraint about 100 times
better than GBSSN while RCCZ4 improves upon this by a further factor of ~ 3 or
so at late times. . . . . . L oL L e
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lo norm of the independent residual evaluator for Kj. At late times, as the solution
should be approaching flat space, RCCZ4 has better performance than either FCCZ4
or GBSSN. . . . . e
Evolution of o and " from t = 0 to t = 64M = 256. The initial puncture type
initial data quickly evolves towards trumpet type data with o going as r as opposed
to 72 at the puncture. . . . . . . . ..
Evolution of X and Oy, from ¢t = 0 to ¢t = 64M = 256. The initial puncture type
initial data quickly evolves towards trumpet type initial data with X going as r as
opposed to r? at the puncture. As can be seen in the graph of ©q,, the coordinate
location of the apparent horizon (where Oy, = 0) increases slowly with coordinate
time. . . . e e e
l> norms of the Hamiltonian and momentum constraint violations for the GBSSN
formulation. Each successive line denotes a factor of 2 grid refinement. The solid
line denotes the most refined simulation. . . . . . . . . .. ... ... ... ......
l9 norms of the Hamiltonian and momentum constraint violations for the FCCZ4
formulation. The errors in the momentum constraint appear to be dominated by
artifacts that arise at the mesh refinement boundaries. Our GBSSN and RCCZ4
simulations used identical parameters and neither experienced the same sort of issues
arising at the mesh refinement boundaries. Rather than attempting to find more
optimal parameters which could resolve these issues at the cost of preventing direct
comparison with GBSSN and RCCZ4, the simulation is left as-is and we note that it
would almost certainly be possible to find better parameters for FCCZ4 which would
mitigate these issues. . . . . . . . . e
I norms of the Hamiltonian and momentum constraint violations for the RCCZ4
formulation. Each successive line denotes a factor of 2 grid refinement. The solid
line denotes the most refined simulation. . . . . . .. ... ... ... . 0.,
lo norms of the Hamiltonian constraint and momentum constraint violation for the
h, = h3 run of each of the RCCZ4, FCCZ4 and GBSSN formulations. Here we can
observe key differences in the constraint violating behaviours of each formulation.
As the GBSSN simulation does not couple the Hamiltonian constraint to a prop-
agating degree of freedom, errors within the horizon and at refinement boundaries
are unable to propagate. Due to the fact that the black hole is not moving and the
simulation quickly approaches a nearly stationary state, this lack of time dependence
is advantageous. As shown in Section the opposite is true when the simula-
tion is highly dynamic. In those cases, both RCCZ4 and FCCZ4 provide orders of
magnitude better constraint conservation. . . . . ... ... ... L.
Lapse, «, at the accumulation point as a function of —In(7* — 7) with 7* an ap-
proximate accumulation time which is different for each set of simulations. Each of
GBSSN, FCCZ4 and RCCZ4 are well suited to performing the critical evolutions.
The observed discrepancies in « are primarily due to our output of data with insuffi-
cient frequency to resolve the peaks adequately. As expected, we are able to resolve
approximately 3 echos at a relative search tolerance of 10712, . . . . . .. ... ...
Scalar field, 1, at the accumulation point as a function of —In(7* — 7). The discrete
self similarity (DSS) is evident. Tuning the amplitude of our initial data to the
threshold of black hole formation with a relative tolerance of ~ 10712 allows us to
resolve approximately three echos. . . . . . . . . .. .. ... ... ... ... ...
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6.1

6.2
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6.4

6.5

Cumulative maximal values of R, Z,, the Hamiltonian constraint and momentum
constraint violations for critical collapse of the scalar field in the GBSSN formulation.
For clarity, we have not shown the behaviour of the Hamiltonian constraint post-
dispersal, where it is dominated by a large non propagating remnant similar to that
seen in Fig. 5.1 . . . . . .
Cumulative maximal values of R, Z,, the Hamiltonian constraint and momentum
constraint violations for critical collapse of the scalar field in the FCCZ4 formulation.
For subcritical simulations close to criticality, the post dispersal constraint violating
remnant is much smaller than that of GBSSN but is still too large to continue the
simulation for long periods of time. . . . . . . . .. ... Lo
Cumulative maximal values of R, Z,, the Hamiltonian constraint and momentum
constraint violations for critical collapse of the scalar field in the RCCZ4 formulation.
For subcritical simulations close to criticality, the post dispersal constraint violating
remnant is much smaller than that of GBSSN but is still too large to continue the
simulation for long periods of time. Close to criticality, the constraint violations
grow noticeably faster than either GBSSN or FCCZ4 (while still providing adequate
resolution to investigate criticality). . . . . . . . . . ...

Convergence of ls norms of ¥p and Hamiltonian constraint violations for strong field
initial data given by Table The plotted norms of the residuals for each run are
evaluated by interpolating the results to a uniform grid which has sufficient resolution
to resolve the details of the simulation. This enables us to directly compare the
convergence properties at the various resolutions. Each of the dashed lines represents
a successive refinement (by a factor of 2) of the initial data while the solid line
represents an AMR run with a relative error tolerance of 5-1075. The grid parameters
for the various unigrid runs are given in Table|6.4. . . . . . ... ... ... ... ..
As Fig. but for the convergence of the momentum constraints. Each of the
dashed lines represents a successive refinement of the initial data while the solid line
represents an AMR run with a relative error tolerance of 5-107°. . . . . . ... ..
Magnitude of the 3D Ricci scalar, R, evaluated at (0,0) and the [, norms of
the Hamiltonian and momentum constraint violations for the AMR runs shown in
Figs. and [6.2 Post-dispersal, the solution becomes dominated by a non dispers-
ing Hamiltonian constraint violation. Our critical search AMR simulations maintain
constraint violations to about 1 part in 500 relative to the magnitude of the relevant
fields throughout collapse. . . . . . . . . . . . . .
Lapse, a, and value of the scalar field, u, as a function of —In (7* — 7) at the center of
collapse (in this case the origin). Here, family W;_q data is used and both marginally
subcritical (solid line) and supercritical (dashed line) solutions with |p* — p| /p* =~
110" are shown. Since the scalar field quickly approaches the critical solution
with an associated strong-field scale that significantly decreases with each echo, we
are able to accurately determine 7* to ~ 1-1075. Direct measurement of A from
gives A1 =3.43(3), Ag =3.5(4) and A3 =3.6(4). . ... ... ...
Lapse, «, and value of the scalar field, u, as a function of —In (7* — 7) at the center
of collapse (in this case z ~ 0.594). In this case family W;—; data is used and the
marginally subcritical (solid line) and supercritical (dashed line) solutions have been
determined to an overall accuracy of |p* — p| /p* ~ 11074, Here, 7* is computed
to ~ 1-1075. Direct measurement of A from p gives Ay = 3.44(4), Ay = 3.4(3) and
Ag=3.2(4) . o o
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Inverse Lyapunov exponent, 7y, determined via the scaling of the energy density
pe. Plotted here are the maximum values of pp obtained in each subcritical run
as a function of [p* — p| /p*. The energy density has dimensions M ~2 and therefore
scales according to |[p* — p|_27. Superior accuracy would be obtained by fitting to
the maximum value of the 4D Ricci scalar or another invariant quantity. The lines
represent an averaged fit to the underlying data. . . . . . .. ... ... ... ....
Inverse Lyapunov exponent, 7, determined via the scaling of the 3D Ricci scalar
R. Plotted here are the maximum values of R obtained in each subcritical run as a
function of |p* — p| /p*. The Ricci scalar density has dimensions of M ~2 and therefore
scales according to |p* — p|727. As in Fig. , the lines represent an averaged fit to
the underlying data. . . . . . . . .. . L
Lapse, «, and invariant scalar, |F,, F'*”|, at the center of collapse for family M;—;
as a function of —In (7% — 7) for marginally subcritical (solid line) and supercritical
(dashed line) solutions with |[p* — p| /p* ~ 1-107!3. Unlike the case of the scalar
field, the strong-field scale of the critical solution only slowly decreases (i.e. A is small
compared to the scalar case) and 7% can only be determined to a relative tolerance of
about 10™*. Direct measurement of A from F,, F* gives A1 = 0.64(2) via statistical
analysis, Ay = 0.63(3) via Fourier analysis and Az = 0.59(6) from (6.80). . . .. ..
Lapse, o, and invariant scalar, |F,, F'*"|, at the center of collapse for family £;—;
as a function of —In (7% — 7) for marginally subcritical (solid line) and supercritical
(dashed line) solutions with |[p* — p| /p* ~ 1-107%. As with family M;_;, the strong-
field scale of the critical solution slowly decreases and 7" can only be determined
to a relative tolerance of about 103. Direct measurement of A from F, uw P gives
Aq = 0.65(3) via statistical analysis, Ay = 0.65(4) via Fourier analysis, and Az =
0.67(8) from (6.80). . . . . . .. ...
Lapse, «, and invariant scalar, |F),, F*¥|, at the center of collapse for family M;—, as
a function of —In (7% — 7) with [p* — p| /p* ~ 5-10713. We use the proper time of a
gauge dependent accelerated observer located at z ~ 0.440 as our independent vari-
able, 7, making the interpretation of length and time scales potentially problematic.
It appears that the critical solution is divided into two separate regions (transition
region shown in gray) with differing A and 7. A naive measurement of A under
the assumption that our observer is approximately inertial gives A; = 0.30(2) and
Ay = 0.31(3) for the first region and A; = 0.56(3), Ay = 0.63(6) for the second re-
gion. Application of (which is valid irrespective of the status of the observer)
gives Az = 0.19(4) for the first region and Az = 0.64(9) for the second The values
of As and As measured in the second region as p — p* appear to be consistent with
those found for families Fj—; and M;—. . . . . . . . . . . . ... ... ... ...
Inverse Lyapunov exponent, 7, determined via the scaling of the invariant scalar
| Fl F'*| which should scale as [p* — p|™?7. Plotted here are the maximum values of
the invariant obtained in each subcritical run as a function of [p* — p| /p*. The lines
shown are averaged fits of the underlying data and the quoted values of v are the
slopes of those fits. As described in the text, fits to two distinct regions of family
M;—s have been made. . . . . . . ...
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H.1
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H.3

Minimum value of a on each spatial slice for family Fqu.q vs the proper time at
the origin, 79p. The data plotted here represents the subcritical simulations closest
to criticality for both our investigation (solid black line) and that of Mendoza and
Baumgarte [17, 85] (dashed red line). The lower plot highlights the difference in
behaviour at late times. Note that we have scaled 7y for the data of Mendoza and
Baumgarte by a factor of ~ 1.003 to better align the early minima and maxima of
o with our own data. This degree of rescaling should be understood within the
context of our simulations being only second order accurate and is performed to
eliminate the dominant source of variation in our results far from the critical point.
The simulations begin to differ markedly at 7 =~ 18, earlier than would be expected
based on the relative precision of our searches. . . . .. ... ... .. ........
Lapse, «, and invariant scalar, |F),, F**|, at the center of collapse for family Eqyaq as a
function of —In (7* — 7) for marginally subcritical (solid black line) and supercritical
(dashed black line) solutions with [p* — p| /p* = 4-107!5. Here, the black lines show
the extremal values obtained on a spatial slice while the colored lines show the values
at the center of collapse as determined by the coordinate location with largest value
of |Fy, F'*| in the subcritical simulation closest to criticality. . . . . .. .. ... ..
v determined via the scaling of the invariant scalar |F),, F'**| which should scale as
lp* — p| ™27 Plotted here are the maximum values of | Flu F'*| obtained in each sub-
critical run as a function of |p* — p| /p*. It is apparent that although both quadrupole
solutions exhibit scaling with similar v close to criticality the initial behaviour is
highly family dependent. . . . . . . . . ... L

Profile of the boson star profile for a solution from family b (See Table [3.1). It can
be seen that the double precision shooting method (e ~ 1071%) does not localize w
sufficiently to integrate the solution to the asymptotic regime. Here we compare the
true solution (black) to the bounding solutions generated via the shooting method
and observe that the integration with double precision fails before all relevant features
areresolved. . . . . . L L L e

An AMR grid consisting of 4 levels (displayed in black, blue, purple and red) with
a 2:1 refinement ratio. In this example, the grids would be allocated using local
truncation error estimates. The grid functions on each grid are evolved separately,
but the boundaries of a refinement region are set via interpolation from the coarser
parent grid. When time levels are aligned, the fine grid solution is injected onto the
coarse level grid as described in [24, 101, 102] . . . . . . . ...
The first five blending functions with x = ¢/ (N}, — 1) where i is the number of grid
points from the edge of a region and Ny, is the width of the blending region. The
function by (z) is designed to smoothly interpolate between 0 and 1 over the course
of Ny grid points. Each successive b;(x) is derived by requiring that an additional
set of derivatives vanishes at the endpoints. E.g. the first derivatives of by(z) vanish
at © = 0,1 while the first and second derivatives of b3(z) vanish at = 0,1. These
polynomials are identical to those derived in [88] . . . . . .. ... ... ... ...,
The effect of applying the second order accurate centered first and second derivative
stencils to by for Ny, = 8,16, 32. As resolution increases, the relative error increases
dramatically going as 1/Ny, for first derivatives and 1/NZ for second derivatives. This
effect can cause significant numerical error to develop at grid boundaries contributing
to spurious regridding. . . . . .. ...
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The effect of applying the second order accurate centered first and second derivative
stencils to by for Ny, = 8,16,32. As resolution increases, D, by (z) converges while
Dyaxby(z) diverges as 1/Np. . . o o o o o0
The effect of applying the second order accurate centered first and second derivative
stencils to by for N}, = 8,16,32. As resolution increases, both Dybi(x) and D;be(x)
CONVETZE. .« o o v e v e e e e e e e e e e e e e e e
lo norm of the error between the true solution, 7, and the computed solutions, 7",
restricted to uniform grids. As AMR with 2°d or 3'¥ order boundary interpolation
develops regridding pathologies for ¢y = 1- 107>, these simulations were performed
using the by regridding procedure to give a “best case” comparison. The smooth
AMR technique seems relatively independent of blending function with the by step
function surprisingly outperforming both b; and b,. When we examine the evolution
in detail, we see that at the initial time, the by simulation creates larger regridding
regions thereby reducing the error. Compare with Fig. which examines the
higher derivative residuals. . . . . . . . . . ... L
Iy norm of the error between 0,gp,m and Oppzem restricted to uniform grids. Al-
though the presence of the smoothing functions had a minor negative impact on the
overall accuracy of the simulation (see Fig. , here we can see its utility. When
boundaries are not smoothed, regridding can lead to the formation of high frequency
modes (spikes in the above graph) which may then propagate causing additional spu-
rious regridding. In the by and b; simulations, regridding is smooth at the level of
the fourth derivative, however we see that N, = 16 is evidently insufficient to derive
any improvements from by over b;. In the case of the wave equation simulation, the
boundary errors in the by simulation damp out and are transient. In more complex
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Chapter 1

Introduction

In this introductory chapter, we provide background information as well as reference material rel-
evant to subsequent chapters in the main body of the thesis. In Sec. 1.1, we present a concise
overview of the history of general relativity (GR). Building on this foundation, Sec. delves into
a review of numerical relativity, highlighting its key successes. Sec. introduces the conventions
adopted throughout the thesis. The basis of the 3+1 decomposition of general relativity is de-
tailed in Sec. where we discuss the Arnowitt, Deser, and Misner (ADM) formulation of general
relativity.

Section builds upon Sec. and further discusses the development of numerical relativity
with an emphasis on hyperbolic formulations. It introduces key concepts which serve to motivate
the investigations into our novel formulation of numerical relativity that is discussed in detail in
Chapter |5l

In Secs. and [1.7) we shift gears and discuss boson stars and general relativistic critical collapse
respectively. These sections provide background information relevant to our investigations of boson
d-stars in Chapters and the critical collapse of the Einstein-Maxwell system in Chapter 6]
Finally, in Sec. we provide a structured outline of the entire thesis, summarizing the content
and objectives of each subsequent chapter and appendix.

1.1 A Brief History of General Relativity

Albert Einstein’s theory of general relativity, first proposed in 1915, dramatically transformed our
understanding of gravity, replacing the Newtonian conception with a fundamentally new paradigm.
In Newton’s model, gravity acted instantaneously across vast distances which was at odds with
the speed-of-light limit and locality posed by Einstein’s earlier special theory of relativity (SR)
[127, 129].

Prior to the development of GR, a significant struggle of Newtonian gravitational physics was its
inability to convincingly account for some experimental observations and theoretical inconsistencies.
Physicists around the turn of the 20*" century hypothesized a medium called the ether, permeating
all of space to transmit light waves, akin to how waves propagate in air or water. But experiments,
notably the Michelson-Morley experiment, found no evidence for such a medium [129].

The problems posed by the concepts of ether and action at a distance were largely resolved
by Einstein’s SR, which postulated that the laws of physics remain the same for all observers in
inertial frames of reference, and that the speed of light in a vacuum is the same for all observers
regardless of their relative motion or the motion of light sources. However, SR pertained only to
inertial frames, leaving the question of gravity to be addressed.

Thus emerged GR, a theory that coherently incorporated gravity into a relativistic frame-
work, offering a better understanding of the universe’s observed phenomena. In stark contrast to
Newtonian physics, where space and time are independent entities, GR combined these seemingly
unrelated concepts into a single interconnected framework known as spacetime [127]. GR described
gravity not as a force transmitted across space but as a manifestation of the curvature of four-
dimensional spacetime [127]. In short, the distribution of energy and matter warps spacetime, and
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this curvature, in turn, guides the trajectories of particles and light.

This understanding was notably demonstrated in explaining Mercury’s perihelion precession,
a subtle shift in its orbit over time [129]. Further evidence for GR came from the observation
of light bending around massive objects, or gravitational lensing, which was first observed during
the 1919 solar eclipse experiment, led by Arthur Eddington [129]. The observation of starlight
bending around the Sun matched GR’s predictions, bringing Einstein’s theory into the scientific
mainstream.

The confirmation of GR’s predictions ushered in a paradigm shift in physics on par with the
development of quantum theory. From the inexplicable precession of Mercury’s orbit to gravita-
tional time dilation, GR succeeded where Newtonian physics had fallen short. Yet GR hasn’t been
without its quandaries. Over the years, physicists have identified certain limitations and theoretical
puzzles that GR alone cannot fully resolve.

A major challenge lies in reconciling GR with the principles of quantum mechanics, which
governs the universe at the smallest scales. This incongruity gives rise to several conundrums,
perhaps the most notable being the black hole information paradox [106]. Quantum mechanics
upholds that information cannot be destroyed, only decohered and moved throughout a system.
GR, however, predicts that information absorbed by a black hole will vanish irretrievably, creating
a glaring contradiction [106].

Moreover, GR’s theoretical implications, like the existence of black holes and their singularities,
have provoked significant debates. For instance, the prediction of naked singularities, points of
infinite density not obscured by an event horizon, has been a topic of intense discussion [58]. Naked
singularities represent a breakdown of the known laws of physics, and their existence raises deep
questions about the nature of spacetime, cosmic censorship, and the extent of our current theoretical
framework’s validity.

To mediate this divide, a host of theories have been proposed. String theory, for example, pos-
tulates that the most elementary constituents of the universe are not zero-dimensional point-like
particles but rather one-dimensional entities: strings. Each string vibrates at a distinct frequency,
which corresponds to a specific particle type, providing a framework that naturally incorporates
gravity and offers a glimpse at a potential unification of GR and quantum mechanics [133]. Con-
versely, theories such as loop quantum gravity seek to quantize spacetime itself [114], suggesting
it is constructed of discrete, interconnected loops rather than as a smooth continuum, as proposed
by GR. This discrete structure could potentially harmonize the spacetime concept of GR with the
inherent quantization found in quantum mechanics.

Even outside of the realm of quantum mechanics, GR faces significant challenges. Conspicuously,
it does not provide a direct explanation for phenomena such as dark matter and dark energy, entities
that account for approximately 95% of the mass-energy content of the universe [129]. These puzzles
underscore the need for a more profound understanding of GR, including potential modifications
to the theory or the development of entirely new frameworks for the gravitational interaction.

Despite its limitations, GR’s legacy is undeniable. It has shaped the scientific narrative of
the 20" century and continues to be the dominant gravitational theory for ongoing research in
cosmology, astrophysics, and high-energy physics. It is the cornerstone for our understanding of
the universe’s large-scale structure and dynamics, ranging from the behavior of galaxies and black
holes to the evolution of the universe itself.
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1.2 Numerical Relativity

In studying the Einstein equations, researchers have discovered solutions which correspond to,
among other things, black holes, collapsing matter, and cosmologies. However, a purely analytic
approach reaches its limits due to the inherent complexity of GR. The non-linear nature of the
Einstein field equations ensures that for the vast majority of physical scenarios closed form solutions
are impossible to find. It is here that numerical relativity (NR)—computer solution of the Einstein
and related field equations—becomes an essential tool, effectively acting as a numerical laboratory
for probing the rich phenomenology of our gravitational theories [5, 45, 54].

To date, one of the most important application of NR has been in its use in facilitating the
understanding of black hole mergers [5, 54]. The dynamics of two black holes spiraling inward
due to gravitational wave emission, culminating in a merger, is beyond the grasp of analytic so-
lutions. With numerical simulations, however, we can precisely predict the resulting gravitational
waveforms. This has been crucial for the observations made by gravitational wave detectors such
as LIGO and Virgo, providing not just evidence for the existence of gravitational waves, but also
offering rigorous tests for GR itself.

Simultaneously, the scope of NR extends beyond two-body dynamics. It grants insights into
multi-black hole interactions, black hole formation from stellar collapse and the intricate behavior
of matter and gravity at the threshold of black hole formation [5, 45, 54]. On the front of alternative
gravitational theories, NR’s utility is evident. While GR remains relatively unchallenged, it may
not be the conclusive theory of gravity in the classical regime. Numerous alternative propositions
suggest deviations from GR, especially in the strong field regime or on cosmological scales [129].
As it is easiest to probe these regimes in a numerical laboratory, NR becomes the tool of choice to
derive predictions from these theories, setting the stage for observational comparisons and possibly
uncovering new aspects of the gravitational interaction.

1.3 Conventions and Notation

Here, we briefly review the notational conventions used throughout this thesis. With the exceptions
of Chapters[3|and 4, we adopt units where Newton’s constant, G, and the speed of light, ¢, are set to
1. In Chapters 3| and |4/ we expand upon the work of Marunovic and Murkovic [83] and make use of
their notation with ¢ = 1 and G = 1/8w. We adopt the spacetime metric signature commonly used
in NR, (—+ ++), and use Einstein’s summation convention wherein repeated indices are summed
over. Greek indices (a, 3, 7, d, ...) are used to index 4 dimensional quantities while Latin indices
(i, j, k, I, ...) are used to index purely 3 dimensional tensors.

The four dimensional covariant derivative with respect to the metric, g,,, is denoted V while D
denotes the covariant derivative with respect to the induced 3-metric, +;;, on spatial hypersurfaces
in a 341 decomposition. The symbols D and D are used to denote covariant differentiation with
respect to a conformal metric, 4;;, and flat metric, 7;;, respectively.

We use curved parentheses enclosing the indices of a tensor to denote symmetrization of those
indices

1
M(/.Ll/) = E (M,U,l/ + MI/,U«) ) (11)

while square parentheses denote antisymmetrization

1

uv) = 5 (M,uu - Ml/,LL) . (1.2)

M
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The symbol TF is used to denote the trace-free part of a tensor:

1 .
MEF = Mij — g’YijMZi- (13)

1.4 The ADM Decomposition

The Einstein field equations are the governing equations of GR:
Gy = 81Ty,. (1.4)

Here, T}, is the stress-energy tensor of the matter which is coupled to the gravitational field, and
the Einstein tensor, G, may be expressed in terms of the Ricci tensor, I, as

Guw = Ry — %gwR. (1.5)

In four dimensions, Eqn. (1.4) constitutes a set of ten coupled second order partial differential
equations (PDEs) for the metric fields, g,,. However, in order to efficiently solve these equations,
we must cast them in the form of a Cauchy problem such that we may specify some consistent initial
data at an instant in time and subsequently evolve the equations forward in a unique manner.

In doing so, we perform the 3+1 decomposition of Arnowitt, Deser, and Misner (ADM) [87]
following [58] and [5]. We imagine foliating four dimensional spacetime into three dimensional
spacelike hypersurfaces, 3;, which are the level sets of some scalar function ¢ (see Fig. . The
geometry of the region of spacetime between any two nearby hypersurfaces is determined by the
induced 3-metric, 7,5,

ds? = v;jdx'da? (1.6)

the lapse, a, which measures the rate at which proper time advances for an observer moving with
world line tangent to X; relative to the global time,

dr = aft,z")dt, (1.7)

and the shift vector, 3%, which measures the relative velocity between observers moving normal to
> versus those moving along lines of constant spatial coordinates. The foliation of spacetime is
non-unique and for any spacetime the lapse, a, and shift, 3%, are freely specifiable. Specification of
these gauge functions is equivalent to the choice of coordinates, (¢, ).

In terms of the functions, o, 8 and 7ij, the 4D spacetime metric takes the form

ds? = (—a® + B;87) dt? + 2B;da’dt + yi5da’, da?, (1.8)

which may be represented in terms of the matrices:

(o +BeBE B )
Juv = < Bj ij s (1.9)

) /02 i) 2
g = <ﬁj//§2 fyijl—Bﬁ/iO,éBj/Oﬂ)' (1.10)

Here, 4% is the inverse of vi; and B3; = v;; B,
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The unit normal vector to the hypersurfaces, ¥, is denoted n* and is given by

b — (1,—5i> . (1.11)

a o«
With it, we can define the 3-metric induced on the hypersurface 3; as
Yuv = Guv + Ny, (1.12)

the spatial components of which are given by 7;; as previously described. Raising an index on this
quantity, we find the projection operator, v*,:

v, = 6", + nfn,, (1.13)

which, when applied to each index of a 4D tensor, produces a purely spatial tensor defined on X;.
Explicitly, if Ny, is a generic 4D tensor, then v#,+” 5N, has no projection along the unit normal

-—-
e e
e

Figure 1.1: Coordinates (2%) on the hypersurfaces ¥; and X, 4. The shift, 3%, links the points
(t + dt,x* — B'dt) and (¢t + dt,z") while the normal vector, n*, is oriented along the line linking
(t, %) and (t+dt,x* — B'dt). The proper time experienced by observers whose world line is tangent
to n* is adt.

Et—',—diE

Projecting the covariant derivative of the normal vector, V,n,, onto 3, we find K,,,:
K., = ’yo‘u’yﬁyvang. (1.14)

This quantity is called the extrinsic curvature of the spacetime and it encodes information concern-
ing how the hypersurfaces are embedded in the spacetime. Rewritten in terms of the Lie derivative
of the spatial metric along the normal direction, we find

1
K,, = _§£"7W' (1.15)



1.5. A Brief History of BSSN-Type Formulations

Alternatively, defining m# = 9;—/*, and noting that K, is a purely spatial quantity, this expression
can be rearranged to yield an evolution equation for the components of the 3-metric:

Em")/ij = —QOéKZ'j. (116)

Now that we have an evolution equation for +;;, all that is needed to complete the 3+1 decom-
position is an evolution equation for K;;. This equation can be found by projecting onto and
orthogonal to the spatial hypersurfaces. Focusing on the stress-energy tensor, we define the energy
density, p, momentum density, j#, and stress tensor, S,,,, as,

p=ntn"T,,, (1.17)
§* = =7*n’ Tgs, (1.18)
S =7*,7" Tap- (1.19)

The relationship between the four dimensional Riemann tensor, R,gys, the intrinsic three di-
mensional Riemann tensor of the hypersurface, (3)Ra5.ﬂ;, and the extrinsic curvature tensor, K,
is found though application of the Gauss equation,

Vot 57 1 5 R o = O RV 505 + K70 Kss — KV gKos, (1.20)
Codazzi equation,
Y oo g R oy = DKo — Do K7, (1.21)
and Ricci equation,
Yaun?y” gn R pue = éﬁmKag + éDaDga + KouK'p. (1.22)

Using these relations, and restricting to spatial indices, we arrive at the evolution equation for K;;
£mKij = —DiDjOé + « (RU + KKU — 2KZkKk]) + 4o (’Yij (S — p) — 25@)) , (123)

where R;; is the 3D Ricci tensor on ¥y, K = Vinij and S = ’yijSij. In addition to the evolution
equation for Kj;;, we find the Hamiltonian and momentum constraints:
1 »
H=5 (R+ K? — K;jK") — 8mp =0, (1.24)
M'=D;K" — 4" D;K — 8rj' = 0. (1.25)
These elliptic equations are constraints on 7;; and K;; that must hold both at the initial time and

on every subsequent spacelike hypersurface. We direct interested readers to [5, 54, 87] for a much
more in-depth review of the 3+1 approach.

1.5 A Brief History of BSSN-Type Formulations

The development of the ADM formalism in the 1950’s and 1960’s by Arnowitt, Deser, and Mis-
ner [14] gave relativists a set of tools for investigating general relativity as an initial value problem.
Around the same time, other rapid advances in the theoretical understanding of general relativity
were occurring. The work of Flock and Pirani on gravitational waves set the groundwork for later

6
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numerical simulations [50, 98], while the work of Kerr, Penrose and others lead to much deeper
understanding of the role that black holes and singularities played in GR [61, 67, 97].

During this time, computational methods, such as finite difference approximations (FDAs), were
developed for calculating approximate solutions to ODEs and PDEs on computers (see Chapter [2)).
Although computers were still in an era of relative infancy, researchers began attempts to solve the
ADM equations for simple matter configurations.

The 1970’s brought about the realization that mergers of compact objects such as black holes
and neutron stars would be primary sources of gravitational waves. This came coupled with the
understanding that perturbative techniques were insufficient to fully resolve the mergers in an
analytic manner; numerical simulations of binary mergers would be needed to accurately extract
gravitational waveforms and permit comparisons with experiment. At the same time, the problem
of setting initial conditions in GR was investigated: building on the work Choquet-Bruhat in the
1950’s [51, 52], York’s research in the 1970’s [131] would set the stage for much of the subsequent
work on the initial value problem.

Work continued steadily throughout the 1980’s, but it was the 1990’s that was a truly transfor-
mative decade for the field of numerical relativity. Gauges were found which would later become
critical to evolving so-called puncture initial data [13], huge strides were made on the initial value
formulation [33], high performance computing came to the fore, methods to find apparent horizons
(enabling accurate excision of the interior of black holes) were developed, simulations of neutron
star binaries were performed successfully and techniques to accurately extract gravitational wave-
forms were created. Despite these successes, it was becoming clear that some of the most widely
used techniques were not well suited to long-term stable simulations in full 3D. The issue, as it
came to be realized, was with the ADM formalism itself.

Importantly, a system of time dependent PDEs is said to be strongly hyperbolic if it admits a
well-posed initial value formulation. Strong hyperbolicity implies that, for any given initial data,
there exists a unique solution and that the growth rate of this solution remains bounded by an
exponential function of time, independent of the initial data [5, 89, 90]. In terms of the principal
symbol of the differential system (a matrix constructed from the coefficients of the highest-order
derivatives which dominate in the short wavelength regime), this implies that strongly hyperbolic
systems of equations have real eigenvalues and a complete set of eigenvectors [5, 89, 90]. Weakly
hyperbolic systems, on the other hand, are those which have real eigenvalues but do not possess a
complete set of eigenvectors. Such systems admit solutions but have issues related to illposedness
when boundary conditions or constraints are enforced. In particular, numerical solutions of weakly
hyperbolic systems are likely to be unstable.

The core of the issue with earlier investigations into numerical relativity was that the ADM
formalism itself is not strongly hyperbolic [5]. And so, starting around the 1990’s, research began
into finding alternative formulations of the 34+1 decomposition which possessed the desired stability
properties. Among the most popular class of NR formalisms which were created as a result were
those of the Baumgarte, Shapiro, Shibata and Nakamura (BSSN) family of formulations developed
quasi-empirically through the 1990’s and 2000’s [5, 23, 41, 120].

BSSN was partially inspired by York’s conformal approach to the task of generating initial data
and was originally formulated in Cartesian coordinates. Rather than evolve v;; and Kj; directly,
BSSN introduced the dynamical quantities 4;;, x, K and Aij defined in terms of the ADM variables
[5] as:

X=15 In(v), (1.26)
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g = € Xy, (1.27)
K = ’Yinija (1.28)
A 1

Aij = 6_4X (KZ] — 3’ijK> . (129)

Here, y is a conformal factor which is used to factor out the overall scale dependence of the 3-metric,
¥i; is a conformal metric with unit determinant, K is the trace of the extrinsic curvature and flij
is the conformal trace-free extrinsic curvature. In addition, the BSSN formulation promoted the
contracted Christoffel symbols I = f‘ijk’yjk (also known as conformal connection functions) to
dynamical degrees of freedom rather than considering them as functions of 4;; [5]. In BSSN, the
Ricci tensor is decomposed into two parts as

Ri; = Rij + RY, (1.30)

where Rl-j is the Ricci tensor of the conformal metric and is calculated using the aforementioned
conformal connection functions rather than entirely in terms of 4;;. After adding a multiple of the
momentum constraint to the evolution equation for I and substituting the Hamiltonian constraint
into the evolution equation for K, we are left with the standard Cartesian BSSN equations [5]:

1
Ox = =5 (@K = 05 8™) + 870X (1.31)
LonAi; = —20A, (1.32)
LyK =-D*a+a <Aijfil’f + ;K2> +dra(p+5), (1.33)
ﬁmAij = 674X [—DiDja + OzRZ‘j - 87TOéSij]TF + o (K./Zl” - QAikAkj> ) (1‘34)

L 1 o .
oI = Azgajakﬁz + g’ﬁ/ljajakﬂk — 2A”3ja -« (2 — f) 8jAz] + (FljkAjk + 6Awan (135)

2 .. o a9
— 310K 87er> BT~ 1908 4 T,

Here, £ is a free parameter representing the multiple of the momentum constraint that is added to
the evolution equation for I,

Together with a 1+log lapse (or related lapse choices from the Bona-Masso family [5, 30]) and
Gamma driver shift conditions [5], the BSSN system would go on to be used in some of the first
stable evolutions of binary black hole mergers [5, 30, 54]. It was, however, not the first evolutionary
formulation to be used for this purpose. Indeed, Pretorius’s 2005 work using the generalized
harmonic formulation represented the first binary black hole merger simulations [103-105].

Throughout the early and mid 2000’s, a number of formalisms quite similar to BSSN were cre-
ated. The formulation due to Nagy Ortiz and Reula (NOR), for example, forewent the conformal
and trace-free decomposition but similarly promoted the contracted Christoffel symbols to dynam-
ical degrees of freedom [5, 9, 90]. At about the same time Bona, Ledvinka, Palenzuela and Zacek

[26] developed the Z4 formulation which embedded general relativity inside a larger system given
by

Guw +2V,Z)) — 9wV Z° = 8T, (1.36)

where Z" is a vector field that must ultimately vanish for Einstein’s theory to be recovered. Using
a decomposition similar to that of ADM, the Hamiltonian and momentum constraints were thereby

8
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replaced with evolution equations for Z; = 4#,Z,, and © = —n#Z,,, resulting in the Z4 equivalent
of the ADM equations [26]:

Lyyij = —2aK;;, (1.37)

LKy = —DiDja+a (Rij +2DZ;) — 2K K*; + (K — 20) K]> (1.38)
+dma (35 (S = p) — 28i5)

L0 = % (R+ K* - K;K" — 167p — 20K + 2D, Z' — 22'D;Ina) (1.39)

LnZ; = o (DK, — D;K — 8mj; + D;© — 2Z;K?; — ©D;Ina) . (1.40)

Unlike the ADM equations, however, the Z4 formulation proved to be strongly hyperbolic.

In the late 2000’s, the BSSN formulation was adapted into a fully covariant form by Brown [37]
resulting in the GBSSN system. Subsequently Sanchis-Gual et al. developed a fully covariant and
conformal version of Z4 (FCCZ4) using the GBSSN variables [116]. These formulations have proven
to be extremely successful at evolving complicated and highly dynamical spacetimes in a variety
of symmetries and have since seen great success in simulating black hole mergers, critical collapse
and other highly dynamical systems [3, 9, 85].

During the course of their development and study, it became evident that BSSN and Z4 were
fundamentally interrelated systems: the promotion of the contracted Christoffel symbols to inde-
pendent degrees of freedom and subsequent addition of the momentum constraint, resulted in what
was effectively an evolution equation for I+ 244 Z; [5, 47,108, 116]. As such, it is not unrea-
sonable to consider BSSN derived formulations to be partial implementations of Z4 in which the
Hamiltonian constraint is assumed to hold.

Our work in Chapter 5] as well as the derivations in Appendices serve to expand upon these
concepts. In particular, we demonstrate that Z4 is not a uniquely suitable embedding for GR and
that it is possible to significantly generalize the formulation. This exploration is fueled both by our
curiosity and by a deliberate approach to advance techniques in numerical relativity. By examining
the relatively uncomplicated extension outlined in Chapter [5, we aspire to uncover insights that
are crucial for developing methods with superior constraint-preserving attributes, exceeding those
of BSSN or Z4 derived formulations.

1.6 Boson Stars and Topological Defects

Starting in the 1950’s, John Wheeler attempted to model stable solitonic, particle-like configurations
of electromagnetic fields held together via the gravitational interaction of general relativity, creating
something akin to gravitational atoms [80, 128]. Although these objects, known as geons, proved
to be unstable, further work by Kaup [66] and Ruffini and Bonazzola [115], lead to the discovery
of the massive solitons today known as boson stars [80]. Whereas ordinary celestial bodies like
stars and planets are held up against gravitational collapse by thermal, degeneracy, or mechanical
pressure, boson stars are supported against gravitational collapse by the intrinsically dispersive
nature of their constituent fields. Unlike their geon progenitors, studies have demonstrated that
boson stars are stable to perturbations provided that the central density of the star is sufficiently
small [53, 73, 73, 75, 80, 86], making them well suited to studies in numerical relativity.

Over the intervening years, boson stars and their descendants have been invoked for a large
variety of processes and models including black hole mimickers [15, 83|, models of neutron stars [83,
94, 96, 122, 132], binary systems [94], sources of dark matter [86, 92, 113, 118, 124] and sources of
gravitational waves [86, 94]. Though boson stars are not known to exist in nature, the simplicity of

9
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their matter model makes them a valuable tool for qualitative analysis and for providing a simple
first step and test bed for more complex matter models [80, 94].

Without a self-interaction term in the potential, the mass of boson stars scale as %m; /m (where
my is the Planck mass and m is the boson mass). For reasonable particle masses, this results in
stars with masses far below the usual Chandrasekhar limit for fluid stars of mg /m? [12, 46, 80].
Thus, these so-called mini-boson stars are useful primarily as a test bed with their more specialized
cousins (having, for example, additional terms in the potential) being adopted as models for various
astrophysical situations [80]. By adding a fourth order term to the potential, for example, one can
achieve maximum masses which scale as m,/m, permitting much larger masses and allowing boson
stars to be used as crude models of neutron stars.

The interplay between pressure and gravity—which results in stable compact objects in the
case of boson and fluid stars—is not the only way to generate stable structures in a gravitational
context. When symmetries are broken such that various different vacuum states are connected,
objects known as topological defects are created. Unlike boson stars, topological defects exhibit
topological stability. In the case of global topological defects this stability is due to a global
symmetry-breaking phase transition [16, 119, 126]. Examples of this type of object include textures,
domain walls, strings, and the structures we are interested in, global monopoles.

Like other topological defects, monopoles are expected to form generically when underlying
field symmetries are broken through early-universe phase transitions mediated by expansion and
cooling [126]. In the case of the monopole, the simplest class of defect consists of a scalar field
triplet with a global O(3) symmetry which is spontaneously broken to U(1) on a non-contractible
2-surface. If the broken symmetry is a local gauge symmetry, the resulting monopole is charged
and will be shielded by a long range force (for example electromagnetism in the case of a U(1)
symmetry) and have finite energy and extent. Conversely, if the field exhibits a global symmetry,
we find that the resulting energy is linearly divergent in radius [16, 93, 119, 126].

Although this divergence may seem somewhat problematic, there are two important caveats.
First, the energy divergence cuts off upon encountering another monopole or antimonopole. Second,
in the context of general relativity, the energy divergence has the simple effect of producing a solid
angle deficit spacetime along with a small effective negative mass core, rather than more exotic
features [16, 93, 107, 119]. As shown by Barriola et al. [16], we would expect global monopoles
and anti-monopoles to annihilate extremely efficiently due to the fact that the interaction strength
between them is independent of distance. As such, if they exist, we would expect the Hubble
volume to contain only ~ 1 global monopole at the present time.

Our work in Chapters |3/ and |4/ expands on the work of Marunovic and Murkovic [83] concerning
non-minimal d-stars, composite structures consisting of a boson star and a global monopole, both
of which can be non-minimally coupled to the general relativistic field. In Chapter 3| we investigate
the existence of and properties of families of unusual ground state solutions while in Chapter 4| we
consider the stability of these solutions via dynamical simulation and perturbation theory.

1.7 Critical Collapse in General Relativity

For almost all types of initial data in a general relativistic context, we can imagine adjusting some
parameter p which controls the strength of the coupling to gravity. If we choose this parameter so
that the gravitational interaction becomes stronger as p is increased, then we should expect that for
p greater than some critical threshold, p*, a black hole will form. Roughly speaking, there are two
possibilities: as p — p* from above, the mass, M, of the resulting black hole must either approach
some finite value, M — My, or it must become infinitesimal, M — 0.
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1.7. Critical Collapse in General Relativity

In the case where M — Mj, we have a direct connection with first order phase transitions
in statistical mechanics and these systems are said to exhibit type I critical behaviour in analogy
[32, 58]. In type I critical behaviour, as p — p*, M changes discontinuously, taking on the same
role as the order parameter in a first order phase transition. As p is tuned to p*, we approach
a transient critical solution which may either be stationary or periodic in time depending on the
matter model under consideration. The amount of time, ¢,, that the system is well approximated
by the critical solution before either collapsing or dispersing to form some remnant is given by [58]

1

3 In|p — p*| + ¢, (1.41)
0

ty, =
where ¢; is some constant and )\ is the growth rate of an unstable perturbation about the critical
solution. This type of critical behaviour occurs when a mass or length scale in the equations gov-
erning the system becomes dynamically relevant and it is for this reason that the mass approaches
a finite value.

Conversely, systems for which M — 0 in the critical limit show no preferential length scale and
this form of critical behaviour is therefore limited to systems with massless or highly relativistic
matter fields. In this case, there is a connection with second order (continuous) phase transitions
and these systems are said to exhibit type II critical behaviour in analogy [32, 58]. Our interest in
this thesis is exclusively with type II critical solutions and the rest of the discussion in this section
deals only with that type.

Depending on the specific matter content of the system under consideration, the critical solution
may be either continuously self similar (CSS) or discretely self similar (DSS). For a CSS spacetime
in coordinates adapted to the symmetry, the metric coefficients take the form [58]:

Guv (7-7 xl) = 672T§uu (ml) ) (142)

where 7 is the negative logarithm of a spacetime scale and z? are generalized dimensionless angles
about the critical point. For DSS spacetimes in adapted coordinates, we have instead [58]:

Guv (7_7 xz) = 6_2T§W (7_7 xz) ) (1'43)
G (1,2") = G (T + A, 7Y (1.44)

where g, is function of 7 and x* which is periodic in 7 with period A. Therefore, in the vicinity
of p*, a DSS critical solution exhibits periodic scale invariance in length and time. In almost all
cases which have been studied in spherical symmetry, the critical solutions which have been found
(for both types of self-similarity) are universal, by which we mean that they do not depend on the
specifics of the initial data families that are used to generate them [55, 58, 70, 81]. The echoing
period, A, when it exists, is similarly universal.

For systems with a CSS critical solution, invariant dimensionful quantities, such as the mass of
the resulting black hole in the supercritical regime, scale according to

In (M) =~In|p —p*| + em, (1.45)

where ~ is a universal exponent and cys is some family-dependent constant. When the critical
solution is DSS, a universal periodic function, fps, with period A is superimposed on this basic
power law [58]:

In (M) =~In|p—p*|+ fmu (vIn|p —p*|) + em. (1.46)
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Other dimensionful quantities scale in a corresponding manner. For example, if we were to look
at the maximum energy density, pmax, encountered during a given subcritical simulation (performed
in coordinates adapted to the self similarity) we would have

In (pmax) = _2’7111 |P _p*’ + fp (’yln ’p _p*|) + Cp (147)

where f, is another universal periodic function and c, is another family-dependent constant. Al-
though type II critical solutions are generically unstable, they tend to be minimally so: they
typically have a single unstable mode in perturbation theory and, in the above scaling laws, v
turns out to be the inverse of the Lyapunov exponent of this unstable mode [32, 58].

A notable consequence of studying critical collapse is the potential to achieve exceptionally large
space-time curvatures outside of a black hole through purely gravitational processes. An infinite
fine-tuning of the family parameter leads to the formation of a naked singularity in the critical limit
[32, 58]. Such singularities, devoid of an event horizon, are of great interest in GR: they are at the
core of the issue of cosmic censorship and they may provide information relevant to the study of
quantum gravity.

The prototypical example of type II critical behaviour in gravitational collapse came from the
work of Choptuik on the critical collapse of the scalar field in spherical symmetry [43]. Since this
original research, many other models have been thoroughly investigated in the pursuit of better un-
derstanding general relativity in the strong-field regime. Going beyond spherical symmetry, among
the most important studies are those of the critical collapse of vacuum gravitational waves, which
could reveal information concerning the existence of naked singularities in a purely gravitational
context.

The original studies of axisymmetric gravitational collapse were performed by Abrahams and
Evans [1, 2] but replication (or otherwise) of their early results has proven challenging. It has
only been in the past few years that work in this context has seen significant progress [68, 74].
In particular, advances in formalisms and in the choices of gauge has enabled groups to expand
upon the original work. In general, investigations into the collapse of non-spherically symmetric
systems have yielded far more complicated pictures than their spherically symmetric counterparts,
with family-dependent scaling and splitting of the critical solution into distinct loci of collapse
appearing in a number of models [1, 2, 20, 44, 58, 74, 85].

1.8 Plan of the Thesis

Chapter 2| deals with the numerical techniques relevant to the ensuing chapters. These include:
finite difference approximations, stability analysis, numerical dissipation, convergence testing, in-
dependent residual evaluation, relaxation methods for elliptic PDEs, the multigrid technique, and
adaptive mesh refinement. It is intended to serve only as a very brief primer or refresher for these
concepts. Curious readers should look towards references such as [24, 34, 42, 77, 99, 123] for more
detailed information concerning numerical methods for solving PDEs.

Our work on boson d-stars, a variation of the well studied boson star systems first investigated
by Kaup [66] and Ruffini and Bonazzola [115], is presented in Chapters [3) and |4, In Chapter [3 we
study the ground-state static solutions to this system and demonstrate that the solution space is
much richer than previous studies had suggested. This solution space contains a number of unusual
features including scaling relations analogous to phase transitions as well as unusual shells of matter
in the ground state solutions.

In Chapter 4, we look at the stability of boson d-stars in spherical symmetry. This is done
through a combination of dynamical simulations and perturbation theory wherein the explicit
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1.8. Plan of the Thesis

modal structure of a number of solution families is investigated. Combining these two approaches,
we attempt to achieve a more complete picture of the conditions under which boson d-stars are
stable.

Chapter |5|is focused on our development and subsequent investigation of an alternative formu-
lation of numerical relativity which we refer to as reference metric covariant conformal Z4 (RCCZ4).
This formulation is similar to the fully covariant conformal Z4 (FCCZ4) of Sanchis-Gual et al. [116]
but approaches the subject from a very different perspective. We demonstrate that Z4 type for-
mulations may be given additional degrees of freedom which could potentially be used to obtain
superior constraint-preserving properties. Chapter [5| introduces the formulation and presents the
results of a number of tests which demonstrate that RCCZ4 performs similarly to FCCZ4 and the
generalized BSSN (GBSSN) formulation of Brown [37]. Sec expands upon this and gives an
explicit proof of the fact that RCCZ4 is strongly hyperbolic in the high frequency regime.

Finally, in Chapter [6| we investigate critical phenomena in the Einstein-Maxwell system. That
is, we investigate the threshold of black hole formation for the system consisting of the electro-
magnetic field coupled to the general relativistic gravitational field. We perform detailed numerical
simulations of four families of initial data including one previously studied by Mendoza and Baum-
garte [20, 85]. In contrast to the previous studies, we find evidence for universality and approximate
discrete self-similarity near the threshold of black hole formation for all families of initial data.

Various appendices provide background material for the material in the main chapters of the
thesis. Appendices [A] and [B| provide background for Chapters [3| and 4] while Appendices
provide derivations of the GBSSN, FCCZ4 and RCCZ4 formulations of general relativity relevant
to Chapters A derivation of our formulation of the Maxwell equations (relevant to Chapter [6)
is given in Appendix [G| Finally, Appendix H| provides a detailed overview of a scheme designed to
improve the performance of AMR in the vicinity of grid boundaries which turns out to be nearly
identical to the treatment of AMR boundaries performed by Mongwane in [88].
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Chapter 2

Overview of Numerical Methods

This chapter provides a brief overview of numerical techniques and is not intended to provide
comprehensive instruction. It is intended to serve as a quick reference to those not overly familiar
with numerical methods when reading the subsequent sections of this thesis. Curious readers
should consult references such as [24, 34, 42, 77,99, 123] for more detailed information concerning
numerical methods for solving PDEs.

2.1 Finite Difference Approximations

At a very basic level, our task in numerical relativity is to find solutions to systems of partial
differential equations (PDEs) on a computer. To that end, we turn to finite difference approxima-
tions (FDAs), a class of numerical techniques for approximately solving differential equations by
replacing those equations with algebraic expressions defined at a finite number of discrete points.
In doing so, we discretize the domain of the problem both in space and time (when applicable) and
approximate differential operators acting upon continuous fields with algebraic difference operators
acting upon discretized versions of those fields.

Consider some continuous function f(¢) and its value at the points to + nh; where n is some
integer and h; some small timestep. We can perform a Taylor series expansions in ¢ about the point
t = to to find

Fito+ he) = Flto) + hef'(00) + 2 0) + O, 1)

Fta— ) = (t9) b f'(00) + 22 £7(10) + OB, (22)

where h; is chosen such that higher order terms in these expressions quickly become negligible and
the notation O(hy") represents terms of order h}* or higher. Solving for the derivatives f’(¢y) and
1" (to), we find the centred second order finite difference approximations to the first and second

derivatives:
F(to) = 2}1 (Flto + he) — flto — he)) + O(R2), (2.3)
(1) = 13 (Flto + ha) = F(t0) + f(to — hu)) + O(A3). (24

Consider now a simple one dimensional, non-dispersive, hyperbolic wave equation in which
solutions propagate with speed c

O = Oypu. (2.5)
We can represent this as two coupled PDEs which are first order in time

O = Opau, (2.6

Oyu = v,

J
~— ~—
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2.1. Finite Difference Approximations

and discretize the system on a uniform grid in = and ¢ such that the values of x and ¢ on the grid
are given by

.%'j :j . hx, (2.8)
" =n-hy. (2.9)

Here, 7 and n are integers which index grid positions and h, and h; are the grid spacings along x
and t respectively. There are an infinite number of ways to discretize this equation, but we consider
among the simplest: a first order in time and second order in space method where the value of
the fields at the point (t"*1, xj) depends only upon the points shown in the finite difference stencil

depicted in Fig. [2.1}

T (vj+1 _ Uj) =3 (uf_y —2uf +ufy ) + O(hy, h2), (2.10)
1
W (wrtt = ug) = o + Oh). (2.11)

Equations and may then be rearranged to find v;-”l and u}”l at the advanced time:

n c2ht n n n
’U;.l‘i‘l — ’Uj + ? (uj—l — 2u] -+ Uj+1) =+ O(th, hiht), (212)
u?“ = uj + hj + O(h?). (2.13)

We thus have an explicit evolution scheme for U?H and U;-H_l, the values of the fields at the advanced
time, in terms of the values of the fields at the current time.

n+2,j—2 n+2,j—1 n+2,j n+2,j+1 n+2,5+2
n+1,5-2 n+1,j—1 n+1,j n+1,j+1 n+1,5+2
n,j—2 n,j—1 n,j n,j+1 n,j+2
n—17-—2 n—1,7-1 n—1,7 n—1,7+1 n—1,57+2
n—2,7—2 n—2,7—1 n—2,7 n—2,7+1 n—2,5+2
i ! ! ! i
Figure 2.1: Finite difference stencil for the first order in time, second order in space discretization

of the wave equation (2.10)—(2.11)). The value of the fields at the point (n + 1, j) is determined by
the stencil shown in blue.

If we wish to evolve this system for some period of time, 7, we must take Ny = 7/h; steps and
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we anticipate the cumulative error in v (denoted €,) and u (denoted ¢,) to scale as,

%N%omi@mwwxmmﬁ (2.14)

t

€u ~ hl()(hf) ~ O(hy). (2.15)
t

As such, we say that the method is first order accurate in time and second order accurate in space. If
ht o< hy, the dominant error term in these expressions scales as O(h;) and the method is considered
to be first order accurate overall.

2.2 Stability of Hyperbolic Schemes

Having a method to evolve hyperbolic FDAs is an excellent start. Unfortunately, if we were to
implement the explicit first order scheme for the wave equation 7, we would find it to
be unstable, with smooth initial data quickly becoming swamped by high frequency modes. What
is needed is some means of quantifying the stability properties of the system and determining for
which values of h; and h,, if any, the system is stable. To this end, we look towards Von-Neumann
(or Fourier) stability analysis. We note that, particularly for more complex equations than the
simple example considered here, a Von Neumann analysis generally provides necessary, but not
sufficient, conditions for stability.

In the case of linear PDEs, we can represent the solutions to our FDAs as a vector, u, the
entries of which are the values of the various fields on our underlying grid. At times ¢t = t" and
t = t"t1 we will write the value of our fields as the vectors u” and u™*! respectively. In this
scheme, a linear finite difference operator can be represented as a matrix, G, and the equation for
a simple two time-level scheme may be written

Glu”H = Gou”, (2.16)
or
u"™! = G!Gou" = Gu™. (2.17)

Taking advantage of the fact that our difference operators are linear, we will consider u to be a
sum of Fourier modes

_ L > eisztﬁ
u(z) = \/%/—oo (k)dk, (2.18)

and examine the action of our difference operators on modes of a single frequency. In doing so, we
define the Fourier transformed grid function,

u(k) = \/12? /_C:; e ey (x)d, (2.19)

and consider the Fourier domain equivalent of
a"t = Ga", (2.20)
where G = éfléo is a function of § = k h,. Due to the Nyquist sampling theorem, the maximum
wavenumber that can be represented on a grid of spacing h, is k, = £(27)/A = £7/h, and we

find that the domain of 6 is therefore [—7, 7].
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2.2. Stability of Hyperbolic Schemes

The stability properties of the system are then encoded in the eigenvalues of G which determine
the growth rate of a given mode and which we denote 1(0). If the eigenvalues satisfy puu* < 1 for
all 8, then it is evident that the scheme has no growing modes and will be Von Neumann stable.

As an example, consider the action of the difference operator D? in the Fourier domain:

D?u(x) = u(x + hy) — 2u(z) + u(x — hy), (2.21)

zkzhz -9 + efzk:zhz) e’kzxa(kx)dkx,

o

I I
8 8

88

/.
/ —2+e Ze) ek (ky ) dky,
/

2(cos(0) — 1)eF=2q(k, ) dk,.

o0

We therefore find that the Fourier representation is simply
D? = 2(cos(#) — 1). (2.22)

Now, consider the case of our first order explicit wave equation (2.10)—(2.11) with u expressed

as
uT: [u0>u17"' y Un, VO, V1, - o 7vn] ) (223)
U
u= [ﬁ} , (2.24)
and with position space operators given by:
a0
G, = nE (2.25)
0w
(1 &2
= £D
Go=|" " . (2.26)
Lo

We have just shown that in the Fourier domain, D? = 2(cos(f) — 1), and we therefore find

1 220t (cos(h) — 1
G = i leost®) =D (2.27)
hy 1

Substituting hy = Ah,, where A is the Courant factor (which represents the ratio of the distance
information travels in one timestep to the spatial step size),

26X (cos(0) —
e[V Eos@ -] -

Mg 1

we find the eigenvalues

pu=1=%cAy/2cos(d) — 2, (2.29)
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5 7 — A=1l,c=1
fffffff A=1/2,c=1
A=1/4,c=1
4_
337
2 [ N —
e e
-3 -2 -1 0 1 2 3
0

Figure 2.2: Magnitude of the eigenvalues, (2.30)), for the first order in time, second order in space
explicit finite difference scheme (2.10)—(2.11). Squared eigenvalues are plotted for A and ¢ as given
in the legend. For all 6 and A, pup* > 1 and the scheme is unconditionally unstable.

each with squared magnitude
ppt =142(1 —cos (0)) \2c2. (2.30)

Since the magnitude of these eigenvalues is always greater than 1 (see Fig. , we conclude that
our explicit discretization of the wave equation is unconditionally unstable.

Working towards finding a scheme with better stability properties, we consider an alternate
discretization of the wave equation known as the Crank-Nicholson method. This method is second
order accurate in time and space and has the finite difference stencil shown in Fig.

1 c? c?
e (03 = v7) = 5y (Wiy = 207 + ) + oy (i = 20 i) + O, 2), - (2:31)
xX x
1 1
o (et —up) = 5 (o5t +0p) + O(h3). (2.32)
In matrix form this becomes:
(1 2 12
L _<2p
Gy =" T (2.33)
L 2 he
(1 &2 2
T~ D
Go= " 7, (2.34)
2 hi
with Fourier representation
—D2c2)\2—4 (fLACQDZ )
=~ | D2c2x2—4  h,(D2c2X2—4
G = —4)hg —D2c2X2—4 |’ (2.35)
D2c2)\2—4 D2c2)\2—4
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n+2,5—2 n+2,j—1 n+2,j n+2,j+1 n+2,5+2
T T T T T
n+1,5—-2 n+1,j—1 n+1,j n+1,j+1 n+1,57+2
n,j —2 n,g—1 n,j n,j+1 n,j+2
n—1,7-—2 n—1,7-1 n—1,7 n—1,7+1 n—1,57+2
n—2,57—2 n—2,7—1 n—2,7 n—2,5+1 n—2,5+2
! ! ! ! |

Figure 2.3: Finite difference stencil for the Crank-Nicholson discretization of the wave equation.
The value of the fields at the point (n + 1, j) is determined by the stencil shown in blue.

and eigenvalues

2 —(1—cos(8))A\?c? + 2icA/2 — 2 cos()
h= 2 — (cos(0) — 1)A\2¢2 ’ (2:36)

each with squared magnitude
ppt = 1. (2.37)

As such, we find that the Crank-Nicolson scheme applied to the wave equation is unconditionally
stable. It should be noted however that this scheme still requires hy < h, for accuracy although it
is not required for Von Neumann stability.

2.3 Dissipation

In the previously examined case of the explicit first order scheme for the wave equation, we saw
that the solution was unconditionally unstable. Plotting as in Fig. we see that the high
frequency modes (which are worst resolved on the scale of the grid) are the most highly unstable;
arguably, there is little harm in attenuating these components. In fact, when treating boundaries
and non-linearities, attenuating high frequency modes is frequently advantageous. We can damp
these components in a manner that does not effect the convergence rate of the method by adding in
higher order differencing terms multiplied by a relevant factor of the grid spacing. For the scheme
— if we add a multiple, €, of the differencing operator D? at the current time

0
ht
G, = : (2.38)
0 1
R
1 2 N2 D2
— =D e 0
Go=|" "+ L], (2.39)
i 1 }Tt 0 GT
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we find the Fourier representation,

el g
| M 14D

Analysis of G reveals that this revised version has eigenvalues
w=1=%cA\/2cos(f) —2+ i (2cos(f) —2),
each with squared magnitude

@+e@%wy—nf_
4

pit = —c2\* (2cos(6) — 2) +
In this case, we can see that if we enforce

1—V1—-42X2 <e<1+V1—4c2\2

and 1
A< —,
2c

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)

the magnitudes of the highest frequency eigenvalues will be less than 1 and the scheme is therefore
Von Neumann stable. This restriction on the Courant factor, A, is known as the Courant-Friedrichs-
Lewy (CFL) condition. It typically arises for explicit schemes and gives the maximum possible
timestep that can be taken for a given spatial step. Fig. shows the behaviour of the eigenvalue
moduli for a few values of A and e. Note that as € is made large, we start to attenuate modes which

are fairly well resolved on the scale of the grid.

47 — A=lec=le=1
””” A=1/2,c=1e=1
A=1/4,c=1e=1
3_
Y
S
14 T

Figure 2.4: Magnitude of the squared eigenvalues, (2.42)), for the first order in time, second order
in space finite difference scheme (2.10)—(2.11)) with added dissipation. Eigenvalues are plotted for
A and e given as in the legend. For A, ¢ and e satisfying (2.43)) and (2.44])), the eigenvalues lie within

the unit circle and the scheme is stable.
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The generalization of this technique is known as Kriess-Oliger dissipation [72] and is usually
performed with 4" or 6' order differencing operators. The dissipation is often applied before or
after the evolution step (rather than being incorporated directly as a part of the step) and can be
thought of as a low pass filter which damps those high frequency modes which are not well resolved
on the scale of the grid.

Performing a Von Neumann stability analysis for more complicated finite difference schemes
involving non-linearities and non-constant coefficients is much more involved, requires more as-
sumptions to be made, and is frequently impractical. It is often sufficient to analyse simple model
PDEs with the chosen differencing scheme and verify that the solutions are well behaved before
generalizing the scheme to more complicated systems. Once this is done, it is possible to vali-
date the stability and accuracy of solutions through the use of convergence tests and independent
residual evaluators as discussed in the next sections.

2.4 Convergence Testing

Once we have developed a stable means of solving our initial value problem, it is crucial to ensure
that our solutions are converging at the expected rate. Issues which prevent this convergence may
take the form of simple mistakes when converting symbolic expressions to FDAs (this sort of error
can be mitigated in part through the use of tools like RNPL [130] and FD [3] which help automate
the construction of FDAs), but they may also represent genuine problems with the finite difference
schemes being used.

Consider a partial differential equation,

D(u)— f=0, (2.45)

with f some source functions and D some potentially non-linear differential operator which acts
upon the fields u. We derive an FDA operating on a grid of uniform spacing h¢, hy, hy, --- with
all spacings satisfying h; ~ h:

D"(u") - f* =0, (2.46)
and apply this FDA to the continuum solution, u, to find the truncation error, 7":

™ = D" (u) — f. (2.47)

In what follows, we broadly follow [42] and consider the simple advection equation

Oyu — Oyu = 0, (2.48)
and the FDA:
n 1 n n
D;L(Uj) = oh, (Uj+1 - Ujf1) ) (2.49)
1
h( ny __ n+1 n—1
D (i) = 5 (uj — ) , (2.50)
Dh(uh) = D?(uh) — Dg(uh). (2.51)
Expressed in terms of the continuum differential operators, we therefore have:
1
D=0, + 6h§am +O(h3), (2.52)
1
D' =9, + éhfam +O(h}), (2.53)
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2.4. Convergence Testing

and (2.47) may be written in terms of (2.51)) as
b Dh(u) _ fh, (2.54)
= Df/(u) — D}}(u),

1 1
= <at + éhgattt + O(h?)> U — (aac + éhgzcamm + OU&)) u,
h2
= (Ot = Ogu) + - (WO — Dgaws) + O(h3),
h2
= 6 ()\26tttu - amxzu) + O(h4)v

where we have substituted hy = Ah; = h. According to the Richardson ansatz [112], the solution
to any FDA which uses a uniform mesh structure (with scale parameter h) will have the expansion

u =u+ hey + h262 + h363 + - (2.55)

where the functions ¢; are (continuum) error functions which are independent of h. Substituting

(2.55) into (2.51) we find:

D' (u") = D) (u) — D (), (2.56)
h2
= (8,5 — 890) (U + hep + h262 + - ) + g (>\28ttt — 81’9030) (u + hep + h262 + - ) + O(h4)

Demanding that these terms vanish order by order in h, we find (to order h?) the equations:

(9, — 8,)u =0, (2.57)
h(9) — 0y) €1 = 0, (2.58)
h2

B (0= 00)er =

(>\28ttt - 8xxx) u. (259)
Here, (2.57)), is simply a statement of the consistency of the difference approximation; that as
h — 0, we approach the continuum solution. More interesting are the expressions (2.58) and (2.59)
for the truncation error terms of order O(h) and O(h?) respectively. At order O(h), we find that
the solution to €; is simply:

€1 (t, .Z') = El(to, T+ (t - to)), (2.60)

where €1 (o, ) is the value of €; at the initial time. We find therefore that if €;(tp,x) = 0 (i.e. we
initialize the FDA with the exact solution so that u(to,z) = u(to,)), it remains 0 throughout
the evolution and we therefore have no error term of order h. At order O(h?), if u = u(t + x) and
ea(to, z) = 0, we have

t(A2 = 1) " (t + )

Gg(t, Q?) = — 6 )

(2.61)

and we find that the error grows linearly in time. The key observation then, is that, for an arbitrary
PDE (including nonlinear ones, and systems), if we have have an FDA operating on a uniform grid
which has accuracy O(hP) its solution will have a Richardson expansion of the form

u =u+ hPe, + WP ey 4 - (2.62)
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2.5. Independent Residual Convergence Tests

where the quantities ¢; are smooth functions independent of h which represent the degree to which
u” differs from u. Computing «?"* and u*", we find

u?h =+ (2h)Pe, + (2h)P ey + -, (2.63)
uth =+ (4h)Pe, + (4R ey + oo (2.64)

and if we take the differences

ut — P = ((4R)P — (2R)P) ey + - - (2.65)
u? —ul = ((2R)P — (B)P) ey + -+ (2.66)

we can find the convergence factor, Q(t):

lu® — Mo |I(4h)7 — (21)P]]a

t) = ~ , 2.67

O ==l ™ @y = Gl (207

where || - || is some suitable discrete spatial norm (such as the I norm) evaluated at grid points
common to all solutions. In the convergent limit where h — 0, we find

lim Q(t) = 2P. (2.68)

h—0

Therefore, if h is sufficiently small and our solutions are in the convergent regime, we can verify
the order of our FDA by calculating Q(¢) for a sequence of solutions of mesh spacing h, 2h, 4h, etc.
This sort of test serves also to determine what grid spacing is required for accuracy and how long
a solution can be trusted: if a solution leaves the convergent regime after some period of time, 7,
we should be extremely skeptical of any results extracted from times ¢t > 7.

2.5 Independent Residual Convergence Tests

Once we have established that our numerical procedure is converging, it is important to ensure that
it is converging to the continuum solution. To do so, all of our codes employ the sort of independent
residual (IR) convergence tests described below.

With reference to , we can derive an alternative finite difference approximation to our
continuum expression. Denoting this alternative FDA by D", we assume the following expansions
for D" and D"

D"=D+ D, +--, (2.69)
D"=D+nr"D,, + -, (2.70)

Let u” be the solution to D*(u") — f* = 0 with Richardson expansion given by
u" = u+ hPey + P e g 4o (2.71)
We can apply D" to u" to find:

D" (u") = <D+hmf)m+~-) (u+hpep+hp+lep+1 +1), (2.72)
:D(u_|_hp€p+...)_|_hmf)m(u+h17€p_|_...)_|_... .
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2.5. Independent Residual Convergence Tests

Now, provided that D and D,, are linear (if they are not, we can simply perform a series expansion
about h = 0), this may be written:
D"(u") = D(u) + h?D(e,) + h" Dy (u) + - - -, (2.73)

and we therefore find the following relationship between our two FDAs:

D"(u") — D"(u") = D(u) — D ") + O(R™nPm), (2.74)
_ D(’LL) _ fh + O(hmin(p,m))’
_ O(hmin(p,m))'

Making use of this relation, we see that the action of D when applied to u yields a residual given
by

& =DMu") — ' O (hmin <mvp>) . (2.75)

If we calculate the convergence factor for this residual then, provided that both D" and D" are
properly implemented, we should find Q(¢) = min(2?,2™). Typically, an error in the implemen-
tation of D" or D" will result in the independent residual being O(1), but this is not always the
case.

As a concrete example, consider the case where D" is intended to have accuracy O(h?*) but an
error is made in the derivation such that it is instead O(h') (this sort of error happens relatively
frequently when a mistake is made implementing explicit integration schemes). If we correctly
derive D", such that it is order O(hY), upon computing the convergence factor for €, we would
expect to find min(24,2%) = 16. Instead we would find min(2',2%) = 2 and would know that an
error had been made in deriving either D" or D",

There is, of course, the issue that we could make similar sorts of mistakes when deriving D" and
D" such that the errors precisely canceled each other out. It is for this reason that it is best to use
different schemes implemented using different stencils completely independently from one another.
Unfortunately, independent residual convergence tests do not help in the slightest if the equations
we have derived are themselves incorrect. It is for this reason that in addition to convergence
testing and independent residual convergence testing, it best practice to:

e Derive equations via provably correct symbolic algebra from manifestly correct field equations.
e Generate IRs via symbolic algebra from provably correct equations.
e Monitor the preservation of any constraints.

e Verify that conserved quantities, if they exist, are preserved to the anticipated level of accu-
racy.

e Perform convergence testing based on analytic solutions for the system under consideration
provided that such solutions exist.
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2.6. Elliptic Equations

2.6 Elliptic Equations

Although the work presented in Chapters is based on hyperbolic formulations of general rel-
ativity (see Sec. and Appendices , we must, in general, solve elliptic PDEs at the initial
time to find initial data which satisfies the Hamiltonian and momentum constraints. Despite only
being calculated for a single time-slice, these solutions are sufficiently computationally intensive
that it can be well worth optimizing them.

While hyperbolic PDEs may be formulated as initial boundary value problems, elliptic PDEs
are boundary value problems. This means that the solution at any given point depends on the
boundary conditions and the bulk coupling across the entire domain, implying a global nature to
the solutions.

Due to this global property, changes at the boundaries or in the coupled (generally time depen-
dent) fields in the bulk, produce instantaneous changes in the solution across the entire domain.
For this reason, evolutionary-type schemes, in which we attempt to solve an elliptic PDE by march-
ing in some direction fail; the solution must be computed globally (exceptions exist in the case of
shooting methods, see Appendix .

Also largely due to this global property, many numerical techniques for solving FDAs of elliptic
PDEs are inefficient, with solution time scaling considerably worse than O(N) where N is the
number of grid points. Contrast this with hyperbolic FDAs for which, due to the local nature of
the solutions, we can generally compute a solution for any given time slice in O(N) operations.

2.7 Relaxation Methods for Elliptic PDEs
If we have some elliptic differential equation,
D(u)— f=0, (2.76)

with D some elliptic differential operator, v a vector of fields and f a vector of source functions,
we can formulate an FDA

D"(u") - " =0, (2.77)

and define the residual
i =DM — = Fh (), (2.78)
where @" is an approximation of u”. In the case that D" is a linear operator, we can in principle

solve for u directly. In most situations however, D" is a sparse banded matrix and solving it
directly is both inefficient and inaccurate: for a 2D Laplace equation on a grid of size (N, Ny), for
example, a naive implementation of D" has Na?]\/y2 entries making direct calculation difficult and
prone to serious roundoff errors.

Instead of solving in a single step, we aim to gradually drive the residual to 0.
In what follows, we denote the value of @" and 7" at the n'® iteration on the " grid point as
ﬂgn) and fgn) respectively. Note that we are not restricting to a one dimensional grid, 7 simply
represents some position in a grid of arbitrary dimension. Appealing to Newton’s method, we find
an improved approximation, 4" t1):
0 [Fh(uh)]l

~(n+1) _ ~(n+1) _ ~(n+1)
u; Uu; r 8u§1

7

-1
E -
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2.8. Multigrid for Elliptic PDEs

If these updates to @ are applied immediately such that the calculations make use of previously

updated points within a single pass (e.g. the calculation of "&ET{D makes use of ﬁgnﬂ)

), the technique
is known as the Gauss-Seidel method. If, on the other hand, the values for @1 are computed
entirely terms of @™, we have the Jacobi method.

Although simple, solvers based on the Jacobi or Gauss-Siedel methods are very inefficient and

for a d dimensional grid of N total grid points scale as O(N (d+2)/ dy,

2.8 Multigrid for Elliptic PDEs

The elliptic solvers previously described have the extremely unfavorable property of scaling super-
linearly with the number of grid points. As such, it can be fairly cheap to compute a low resolution
solution, but higher resolution solutions may require a large amount of compute time. We could,
however, imagine speeding the solution process up by first computing a low resolution solution and
then using that as an initial guess for a higher resolution solution. We could repeat this process,
scaling from a level 0 grid (I = 0) all the way to a level m grid (I = m) with factor of 2 refinements
at each level.

This process does indeed speed convergence, but it is not optimal. However, using a process
known as multigrid [34], we can solve elliptic FDAs efficiently in O(N) time. For the remainder
of this section we provide an overview of the multigrid method, following the derivation in [42]
relatively closely.

Consider our solution, u”, as a function of a current estimate, @, and some correction, v™:
ul = @l + " (2.80)
With this substitution, our FDA may be written as
D"(u") = D"(a" 4 ") = f", (2.81)
and it is evident that the residual, 7", is given by
i = D" (") — DM (" +o"). (2.82)

If # is not smooth, we rely on the fact that standard relaxation techniques (such as the Gauss-
Seidel method) are very efficient smoothers and perform a few relaxation sweeps until 7" is smooth.
If 7" is smooth, we may sensibly pose a coarse grid version of 1)

DMLt + L) - DIt = —L, (2.83)

where I}Zlh is a restriction operator which takes values from a fine grid with spacing h to a coarse
grid with spacing 2h. If we take u?* = Iihﬁh + I,%hvh, this may be rewritten as an equation for u"
on the coarse grid:

D21 (y?h) = D2 (12hah) — T2hih, (2.84)
Upon solving this expression, we can update @ as
alh — ah + 18, (WP - 1Rk, (2.85)

where Igh is a prolongation operator from the coarse grid to the fine grid and IShI,QZh will not, in
general, be the identity operator.
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2.8. Multigrid for Elliptic PDEs

Now consider the quantity 7" defined as the truncation error for the continuum solution u,
™ = D) — f, (2.86)
which is equivalent to
" = D"(u) — D"(uh). (2.87)
We cannot compute 7" exactly, but we can consider, by analogy, a quantity T}%h
m2h = DI — 1D () (2.88)
which is called the relative local truncation error. We can rewrite this last expression as
D2 (12 = BhDM (uh) + 72, (2.89)
and if we identify I%huh with the coarse grid unknown, u?", and use D"(u) = ", this becomes
D2 (y?h) = 2 4 2, (2.90)

As such, T}%h may be thought of as a correction term to the coarse grid equations which makes the
solution of the coarse grid equations coincide with the fine grid solution. Even though we cannot
compute T}%h explicitly, given an approximate solution to the fine grid equations, ", we can define
an approximation to T}%hi

72 = DM (1) — DM (). (2.91)
Substituting this for T}%h in 1} we find
D2h(u2h) _ f2h + 7_2h’ (2'92)
— f2h + DZh(I%hﬂh) . I}QLhDh(ﬂh),
= D) - 1 (D) - 1)
_ D2h(I%Lh,L~Lh) o I%th;:h’
which is precisely 1D the equation for computing u?" for use with the coarse-grid correction
process. The multigrid method thus consists of the steps depicted in Algorithm [1} In practice, the
method efficiently solves many elliptic PDEs. It is common for each fine-to-coarse-to-fine cycle (a

so-called V-cycle) to result in approximately an order of magnitude reduction in error. Further
details can be found in [34].
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2.9. Adaptive Mesh Refinement

Algorithm 1 V-cycle

1: set m =1

2: while m # 0 do
3 apply smoothing relaxations to u™
4 compute 7™, f™~! and 777! on the next finest grid
5: set m=m—1
6: end while

7. solve coarse grid problem to find u°

8: while m # 1 do

9 set m=m-+1

10: apply coarse grid correction to u™
11: apply smoothing relaxations to u"
12: end while

2.9 Adaptive Mesh Refinement

Up until this point we have considered only grids with uniform mesh spacing across the entirety of
the computational domain. When solving hyperbolic partial differential equations on such grids,
inefficiencies arise if the solution spans a broad range of relevant length scales. To capture fine
details, we require high resolution, while smoother regions can be adequately represented with
much coarser grids. Given that the computational demand scales roughly linearly with the grid
point count, a uniformly high-resolution grid becomes computationally burdensome. We could
consider the use of non-uniform grids as a remedy, however a significant drawback emerges: due to
the CFL condition (Sec. , the entire grid must evolve with a time step constrained by the
smallest grid spacing, leading to computational inefficiencies.

These issues are circumvented by the adaptive mesh refinement (AMR) technique. In this
approach, the computational domain is represented as a dynamic hierarchy of meshes, with each
level of the hierarchy having increasing resolution and its own distinct time step. As we evolve our
numerical simulations, refined meshes are strategically introduced where necessary and subsequently
discarded when the additional resolution is no longer needed. This dynamic adaptation ensures
both computational efficiency and, importantly, solution accuracy where it is most crucial.

The Berger-Oliger approach to AMR, introduced in the 1980’s [24] is one of the pioneering,
and still most prevalent, approaches to adaptive mesh refinement. At the heart of this method
is the idea of using a hierarchy of nested uniform grids to allocate additional resolution (which
may be contrasted with other, grid free, approaches to achieve adaptive resolution). In the Berger-
Oliger scheme, the computational domain is initially covered by a coarse grid and as the simulation
progresses and additional resolution is required, child grids are introduced in regions of interest as
depicted in Fig. [2.5]

The location of these child grids is typically determined based on features of the solution being
computed. These features may be identified through the calculation of gradients, thresholds in one
or more diagnostic quantities or, as in our simulations, estimates of local truncation error. (Sec
When new child grids are created at any level, initial data is determined by transfer of values from
regions which overlap extant grids at that level, as well as by interpolation from the parent grid,
as necessary.

In order to ensure accuracy, fine grids are typically evolved using smaller time steps than the
coarse grids and the boundaries of the fine grids are set using interpolation from the coarser parent
grids. Conversely, when parent and child time levels are aligned, the values computed on the child
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2.9. Adaptive Mesh Refinement

grid are passed back to the parent grid using a restriction operation. For hyperbolic PDEs, the
temporal and spatial refinement factors are typically set equal.

Figure 2.5: An AMR grid consisting of 4 levels (displayed in black, blue, purple and red) with
a 2:1 refinement ratio. In this example, the grids would be allocated using local truncation error
estimates. The grid functions on each grid are evolved separately, but the boundaries of a refinement
region are set via interpolation from the coarser parent grid. When time levels are aligned, the fine
grid solution is injected onto the coarse level grid as described in [24, 101, 102]

Our codes employ the variant of the Berger-Oliger AMR technique as implemented in PAMR [102]
and AMRD [101]. Additional information concerning the Berger-Oliger AMR technique can be
found in [24, 101, 102]. Aspects of this are expanded upon in Appendix |H which gives an overview
and derivation of our improved smooth AMR technique.
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Chapter 3

Non-Minimally Coupled
Topological-Defect Boson Stars:
Static Solutions

This chapter closely follows work completed in our 2016 paper, Non-Minimally Coupled Topological-
Defect Boson Stars: Static Solutions [107]. In it, we consider spherically symmetric static composite
structures consisting of a boson star and a global monopole, minimally or non-minimally coupled
to the general relativistic gravitational field. In the non-minimally coupled case, Marunovic and
Murkovic [83] have shown that these objects, so-called boson d-stars, can be sufficiently gravita-
tionally compact so as to potentially mimic black holes. Here, we present the results of an extensive
numerical parameter space survey which reveals additional new and unexpected phenomenology in
the model. In particular, focusing on families of boson d-stars which are parameterized by the cen-
tral amplitude of the boson field, we find configurations for both the minimally and non-minimally
coupled cases that contain one or more shells of bosonic matter located far from the origin. In
parameter space, each shell spontaneously appears as one tunes through some critical central am-
plitude of the boson field. In some cases the shells apparently materialize at spatial infinity: in
these instances their areal radii are observed to obey a universal scaling law in the vicinity of the
critical amplitude. We derive this law from the equations of motion and the asymptotic behavior
of the fields.

3.1 Introduction

The first attempts to construct solitonic solutions in the context of general relativity were made
by John Wheeler in 1955 [128] with his investigation of massless scalar fields minimally coupled
to gravity. Although the field configurations he discovered were found to be unstable, subsequent
developments by Kaup [66] and Ruffini & Bonazzola [115] lead to the discovery of the stable solitons
now known as boson stars.

In its simplest form, a boson star is a self-gravitating configuration of a complex massive scalar
field, ¥, governed by the Lagrangian

1 2
Sps = /d:ﬁ&ﬁ—g [—2 (V,0%) (VAD) — %w , (3.1)
with a spherically symmetric, time-harmonic ansatz for the scalar field
T(x) = (r)et. (3.2)

Here, the radial amplitude function (r) is real valued, m is the scalar field’s mass parameter, and
w is the angular frequency eigenvalue of the boson star. The boson stars comprise a one-parameter
family that can be conveniently labelled by the central value, 1(0), of the amplitude function.
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Stability studies have shown that boson stars are stable against all perturbations if the central
amplitude of the star is sufficiently small [75, 86], yet, without self-interaction, boson stars have
maximum masses far below the Chandrasekhar limit for normal fermionic matter. Correspondingly,
these so-called mini-boson stars are unsuitable for use as simplified models of gravitationally com-
pact astrophysical objects such as white dwarfs and neutron stars. When a quartic self interaction
potential is added, it is found that for reasonable scalar boson masses, the maximum gravitational
mass is comparable to the Chandrasekhar limit [46].

Motivated by their simplicity and stability, boson stars have been studied extensively as dark
matter candidates [48, 113, 124], simplified models for compact objects such as neutron stars [80,
94, 96] and alternatives to black holes [15, 83, 122, 132]. Additionally, they have been considered
in models where they are non-minimally coupled to gravity [83, 125] and in conformal and scalar-
tensor extensions to gravity [35]. For overviews of boson stars and results pertaining to them, we
refer the reader to the reviews by Liebling & Palenzuela [80] and Schunck & Mielke [117].

In this paper we investigate the boson d-star (topological-defect star) system, previously studied
by Xin-zhou Li [78, 79] and Marunovic & Murkovic [83], which consists of a boson star and global
monopole non-minimally coupled to gravity via the Ricci scalar. Unlike boson stars, which may be
considered gravitationally bound clumps of Klein-Gordon matter, global monopoles are topological
defects formed via spontaneous symmetry breaking and can exist in the absence of gravity [126].
The simplest realization of such a global monopole is through a scalar field theory consisting of a
triplet of scalar fields with a global O(3) symmetry which is spontaneously broken to /(1) [16].
These simple global monopoles may be constructed by starting from the Lagrangian

2
Senr = [ dotyg | = G (9,00 () - 25at 0 - 12, (33
where ¢% a = 1,2,3 denotes a triplet of real scalar fields and the parameters A and Agm set the
scale for the interaction potential. Examining the interaction potential, it can be seen that the
potential energy of the configuration is minimized at ¢*¢* = >, ¢'¢" = 1 and that the action is
invariant under a global O(3) symmetry within the inner space of the fields.
Assuming the field transitions to a directionally dependent vacuum state as » — oo, where r is
the areal radius, one takes the hedgehog ansatz for the fields,

(ba = Qb(r)i’ (34)

and finds global monopole solutions by solving a second order boundary value equation for ¢(r) [16].

Analysis of these solutions reveals that the energy density of the configuration goes as 72 so
that the total energy of the solutions is linearly divergent in r [16]. When minimally coupled to
gravity, the linearly divergent global monopole energy produces an effect analogous to a solid angle
deficit and a negative central mass described by the following asymptotic metric [16, 119]:

ds® = —vdt® + vl dr? + r2d6? + 2 sin’(0)d¢?, (3.5)
where
u:(l—A2—2M>. (3.6)
r

Here A? is the solid angle deficit, where A is the parameter appearing in the Lagrangian (3.3)).
In terms of astrophysical motivation, global monopoles at first appear to be attractive models
of galactic dark matter halos. The fact that the energy density of the solutions varies as r—2
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seems to be precisely what is called for from observations of galactic rotation curves. Moreover,
with reasonable assumptions, the mass of the solution within the neighborhood of a typical 10!
solar-mass host galaxy [91] is about ten times that of the luminous matter.

However, closer inspection reveals that the negative effective mass of minimally coupled global
monopoles produces repulsive gravitational effects and they correspondingly do not support bound
orbits [60, 91]. Additionally, due to the fact that the monopole does not couple directly to any
matter sources, the scale of the solutions is essentially independent of the galactic matter content,
which is in conflict with the observation that, for a wide range of masses, galaxies consist of about
ten times as much dark matter as luminous matter [91]. Finally, Vilkin and Shellard [126] have
shown that global monopoles and anti-monopoles annihilate very efficiently due to their long range
interaction, indicating that there would have to be a large overabundance of global monopoles in
relation to anti-monopoles for them to be remotely realistic candidates for galactic dark matter.

Although these problems are substantial, Nucamendi, Salgado & Sudarsky, demonstrated that
they may be partially ameliorated by non-minimally coupling the monopole field to gravity [91, 92].
With this modification, global monopoles exhibit attractive gravity and the non-minimal coupling
permits coupling to other matter sources more directly. More recently, Marunovic & Murkovic
studied non-minimally coupled boson d—starﬂ and demonstrated that these objects can be far
more compact than minimally coupled boson stars and nearly as compact as maximally compact
fluid stars [83]. This observation then invites the question of whether boson d-stars are viable as
black hole mimickers. Although the gravitational compactness of these objects is interesting, it is
not the focus of our investigation. Rather, in this paper we extend the work of [83], finding new
numerical solutions to the spherically symmetric boson d-star model in both the minimally coupled
and non-minimally coupled cases. Unlike boson stars, whose asymptotic mass is a smooth function
of the boson star central amplitude, the families we have discovered exhibit a series of discrete
boson star central amplitudes, across which the asymptotic mass of the configuration changes non-
smoothly, and sometimes discontinuously, due to the appearance of shells of bosonic matter far from
the origin. As this is superficially analogous to a first order phase transition in statistical mechanics,
we borrow terminology from that field and refer to these transitional solutions as critical solutions
corresponding to a critical central amplitude, 1§. Here the superscript ¢ on 1§ denotes “critical”,
while the subscript ¢ serves as an integer label of the shells, ordered by central amplitude of the
boson field.

We demonstrate that the areal radii of these asymptotic shells, r,, appear to obey a universal
scaling law rs o< |¢(0) — ¥§| P, with p ~ 1 independent of the interaction potentials. To our
knowledge, neither the shell-like configurations themselves, nor the scaling behavior of their radial
locations has been previously reported.

The plan of the remainder of this chapter is as follows: in Section [3.2| we derive the governing
equations for the static system consisting of a boson star and global monopole, non-minimally cou-
pled to gravity. In Section [3.3] we describe the methodology adopted to find static solutions and
introduce terminology used to present the results of the study. Specifically, Section introduces
terminology used to describe the unusual features of our solutions, Section describes our solu-
tion procedure and outlines the numerical techniques employed, while Section demonstrates
the convergence of the solutions.

In Section we present the results and analysis of our parameter space survey. The behavior
of the minimally coupled solutions is described in Section while the corresponding behavior of
the non-minimally coupled solutions is presented in Section[3.4.2. Section|3.4.3 describes the scaling

!Minimal boson d-stars had been previously studied by Xin-zhou Li |78, [79] but using an interaction potential
which ensured the radii of the monopole and boson star were effectively equal.
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behavior observed in the vicinity of the critical central amplitudes while Section presents a
derivation of the observed scaling law. We make some brief concluding remarks in Section

Finally, in the appendices, we present a brief review of the shooting method (Appendix A)
and provide a description of our modified shooting technique which, for certain models, permits
integration to arbitrary distances (Appendix .

3.2 Static Equations

Starting from a dimensionless Einstein-Hilbert action (¢ = 1,G = 1/87) and following the prescrip-
tion of Marunovic & Murkovic [83],

R
SEH = /dZLA\/TQ <2 + £m>> (3'7)
the actions for the boson star and global monopole are
_ 4 1 R €Bs
Sps = [ dx*\/—g —3 (V, 0%) (V) — Vg + —R(\Il ), (3.8)

and
2

Sam = /dx4\/jg {—é (Vug®) (V"9*) — Vam + @RA2 (¢a¢a)} (3.9)

respectively.

Here ¥ is the complex scalar field of the bosonic matter, ¢® is a triplet of scalar fields, A is the
solid angle deficit parameter, Vg and Vg are the self interaction potentials for the boson field and
monopole fields respectively, R is the Ricci scalar, and {pg and £gn are the non-minimal coupling
constants.

The stress-energy tensors associated with these actions are,

T = % (Vu¥7) (Vo ¥) + % (V,0%) (V,0) — %gw (Vo) (VOT*) + 2Vis)

—&Bs (G;w + g,uuvozva - VMVV) (Ler),
A? A?
TN = 57 (V0% (V06) + 5 (V) (V6) — g (82 (Vad®) (V76%) + 2Via)
- fGMA2 (G,uu + g,ul/vozva -V Vo) (99¢").

Here G, is the Einstein tensor and we have used the result that the variation of an arbitrary
function of the Ricci scalar, f(R), is

0f(R of(R 1 Of(R
;g(uu) = g(R )RHV - §f(R)g,uV + (g/wvava - VMVV) % (3.12)

(3.10)

(3.11)

We take quartic potentials for the fields [83],

Vor = 2 Ak (g0 — 1) (3.13)

Vis = ";2 (U*0) + Ass (U*0)?, (3.14)

3.15)

—
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where A\gm and Apg are additional parameters. We now impose spherical symmetry and time
independence of the geometry, and work in polar-areal (Schwarzschild-like) coordinates, (t,7,6, ¢),
in which the line element takes the form

ds® = —a(r)2dt® + a(r)2dr? + r2d0?, (3.16)

where dQ? is the line-element of the unit two sphere.
Taking the hedgehog ansatz for the monopole, ¢* = ¢(r)x®/r, and assuming harmonic time
dependence for the boson star, ¥ = 1)(r)e™?, the total potential, V, defined by

V = Vaum + Vas, (3.17)
becomes

ABs

2
V=AM As(gE 1)y Ty g 8

1 s (3.18)

We then derive the following equations for the stationary field configurations by varying the actions
with respect to the matter fields, ¥ and ¢:

2
R = (stwT - % + %V) a? — 23;1/) - (aTalfaTw) + (am)cfarw’ (3.19)
o (om0 BV 200 B0) GO0 (i

Here T = —R = T, is the trace of the stress energy tensor and 9,V and 9,V are given by

OpV = m*y + Apst?, (3.21)
9oV = AamA? (¢* — 1) ¢. (3.22)

Equations for the metric components follow directly from the Einstein equations. After rear-
ranging, we have:

= —1 2 42 2\ .2 20‘)72 > 2
O = L+ 02 (ost (0r0) + EaiD?6 (0:9))) H((?A P a—rTGe)a
+ (—T2 (3,4/})2 + 8&psy (Oph) T — r2A? (0r0) + 8¢amA2¢p (0r0) r) a] ¢ (3.23)

— 2aa® + 204} ,

2 2
ora = [<(§éMA2¢2T + &RV T + %V + %1#2 (i - 5BS>) a’ + <A4 (0:0)°

+ fGMA2 (87‘¢)2 + _i_% (arw)Q + fBS (arw)Q . gBST/) (87;)[) (arw) (3 24)
004 ,), (4% + 46au’0?) a3] (o=
« 2r 2r

+a’r¢ (Eam@POsV + EpsOyV) ,
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where

_ _C 2 2 2 2
L (17 60807 + 60 A7) [A (267 +126aus") a

2 2
+ A ((a@)? r? + 6&amr? (am)?) + (—6&357’21/1222 L4V - w?ﬂzz) a? (3.25)

6¢EamPOsV + 6¢EBsY Oy V
14 6C&3q0% + 6CE4 A2

+ (ﬂ (9,)? + 6pgr (arw)Q)} -

and we have defined ( as,

1
1+ &pstp? + EamA2p?

Note that if we have functions a, o, 1, ¢ and eigenvalue w which satisfy Eqns. (3.19H3.24), then
W= Tw, @ = TQ, a = a, P — P, § — ¢, where 7 € RT, yields another, physically identical
solution, corresponding to a rescaling of the polar time coordinate, ¢.

In the much simpler minimally coupled case, Eqns. (3.19-3.24) reduce to:

(= (3.26)

o= (2L o) 2t Q) Qo) 3.2
o= (2488 - 2a;¢r_ <ara§ar2> . <ara>a<ar3)>, 5.28)
0 = ((_V;‘ PO Y a1 8 (8200 + @) ) e LTINS g
R <‘f R ;f?) @r+ T (00 + 8%(0,0)?) (3.0)

Since the boson star action is invariant under the transformation ¢ — e~ 6 € R, we can
define a conserved current, J,,, associated with the transformation,

Jp = 16 (¥*V, ¥ — UV, (3.31)
wip?
Ji e (3.32)
and with it a conserved charge, N,
3 ar’
N:/Jun“ﬁdx :/mww dr, (3.33)

where v is the determinant of the metric induced on the ¢t = const. spacelike hypersurfaces and n*
is the vector field normal to those surfaces.
Regularity of the metric at the origin requires,

Ot |,—g =0, (3.34)
¢l =0, (3.35)
Ora | _y =0, (3.36)
al_y=1, (3.37)
drar |,_y = 0. (3.38)



3.2. Static Equations

We note that Eqn. is not linearly independent of the other boundary conditions, but is a
consequence of the regularity of a at the origin.

Unlike the boson star profile, 1, the global monopole field, ¢, is not free to take on arbitrary
values at the origin. Recall that ¢ is the magnitude of the ¢%’s and that, at every point, ¢%
is analogous to an outward pointing vector field. As such, to maintain a regularly spherically
symmetric solution, we must have ¢ = 0 at the centre of symmetry.

In the limit that » — oo, the boson star profile approaches zero exponentially while the global
monopole transitions to its vacuum state: ¥ — 0, ¢ — 1+, c;r~%. Assuming series expansions
in 1/r, the metric equations can be integrated, yielding the following regularity conditions as r
approaches infinity [83, 92]:

Y =0, (3.39)
—1- ! (3.40)
)\GMA27'2 (1 + fGMAQ) ’ ’
A2 oM\ M2
" <1 C 1+&emdA? T) 7 340
A2 oM\ 2

The asymptotic expansion Eqn. (3.41]) motivates the definition of the mass function, M(r), as
r A?

Mr)==-(1-—F" g2 3.43

=5 (1 ). (3.43)

which, in the asymptotic limit, is proportional to the Arnowitt-Deser-Misner (ADM) mass in a
solid angle deficit space-time [93],

My = ILm M (r), (3.44)
A2 —3/2
M =Mol|ll— ——— 3.45
sou =M (1- 1) (3.45)
Together, Eqns. (3.34H3.42) give the following boundary conditions [83]:
él,—o =0, (3.46)
al,—o=1, (3.47)
lim 1 = 0, (3.48)
r—00
1
li =1- 3.49
M0, ¢ AeMAZ (1 + EguA2)’ (3.49)
1
lim o = —. (3.50)
r—00 a

Finally, rather than numerically solving Eqns. (3.1943.24) in r, we find it more convenient to
adopt a compactified coordinate, x, defined by,
r

= ) 3.51

= (351)
px

= .52

r=T (3.52)

z € [0,1], (3.53)

where p is a positive real number and is typically set between 1 and 100, such that the solution
features are well resolved on a grid uniformly spaced in x.
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3.3 Methodology

In the following section, we review the numerical techniques used to find solutions to Eqns.
. First we introduce the terminology used to discuss the novel features of the model (Sec-
tion and discuss the solution procedure itself (Section. Finally, we test the convergence
of the numerical solutions (Section [3.3.3)), demonstrating that the solutions we have found are not
numerical artifacts. Additional information on the shooting method may be found in Appendix [Al
Likewise, the details of our multiple precision shooting method can be found in Appendix [A.3|

3.3.1 Solution Families and Branches

The solutions we present in Section exhibit sufficiently complex behavior that we believe it is
worthwhile to define a number of terms at the outset. Specifically, we will later make extensive use
of the terms family and branch to denote specific sets of solutions.

The parameter space we consider here is six-dimensional, spanned by (0), A, Agm, ABs, oM
and &gg. From this point forward, we set m = 1, and note that this sets the energy scale of the
solutions. We define a family of solutions to be the set of all ground state solutions with common
A, AaMm, ABs, am and &ps.  As such, within a given family, solutions can be indexed by the
boson star central amplitude, ¢ (0), which is the only free parameter of the family. As a concrete
example, consider the set of all mini-boson stars (boson stars without self interaction) which may
be considered a family with A = 0, Ags = 0, {am = 0, {ps = 0 and Agy arbitrary. From this
perspective, Fig. plots the progression of asymptotic mass M, for the mini-boson star family.

We define a branch of a family to be the set of all solutions in the family where the asymptotic
mass, My, is C! as a function of the central amplitude, 1(0). Using this definition, mini-boson
stars are a family consisting of a single branch as shown in Fig. while Fig. provides a mass
plot illustrating a hypothetical family with three branches.

0.6 e
0.5 L 0.4
0.4

= 0.3 1

0.2 1

al
( max

0.1 1

0.0 - 0.0
1074 1073 1072 1071 10°

Figure 3.1: Asymptotic mass, My, and maximum compactness, Cy,q., as a function of boson star
central amplitude, (0), for ground state boson stars with no quartic self interaction potential (so
called mini-boson stars). Stars located to the left of the first turning point are stable against small
perturbation while stars located to the right are unstable [75]. Using our terminology, the set of
mini-boson stars is a family consisting of a single branch, since the mass is everywhere O,
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Figure 3.2: Asymptotic mass, M, as a function of boson star central amplitude, ¥(0), for a
hypothetical family of solutions with three branches. The branches of the family are separated by
vertical lines, the positions of which correspond to values of 1(0) where dMs,/di(0) is undefined.

3.3.2 Solution Procedure

The set of Eqns. (3.1943.24) and boundary conditions (3.46H3.50) define a boundary value problem

(BVP) where w/a(0) is the eigenvalue of the system. Due to the appearance of features that shall
be discussed shortly, it is quite difficult to find initial guesses which will converge to the correct
solutions using standard iterative BVP solvers. The primary computational challenge, therefore, is
finding sufficiently accurate initial guesses whereupon we can let the BVP solver we use do its job.

To arrive at a suitable initial guess, the static equations are first integrated using an iterative
shooting technique [100]. In this method, the boson star profile, 1 (r), is initialized to 0 and the
equations for the monopole, ¢(r), and metric are integrated using a Runge-Kutta-Fehlberg solver
(RK45) until the monopole field is well approximated by its asymptotic expansion, Eqn. .
At this point, a tail satisfying the expansion is fit to the global monopole such that ¢ and 0,¢ are
continuous across the join, and the metric equations are integrated to the end of the numerical
domain.

Subsequently, the monopole field is held fixed and the boson star is solved for via shooting by
varying the w parameter. Typically this parameter is chosen such that the mass of the configuration
is a minimum and the boson star is in the ground state (i.e. the boson star profile exhibits no
nodes) [80]. Once complete, the boson star field is held fixed and the monopole equations are re-
integrated, etc. This iterated shooting process is continued until the initial guess is sufficiently close
to the true numerical solution so as to converge in the BVP solver we use. Sufficient convergence
is typically achieved after 3-5 iterations, at which point the ¢ norms of the residuals are typically
around 10~°. This process is summarized in Algorithm .

This shooting problem is itself particularly difficult due to the (potentially) very different char-
acteristic length scales of the boson star and global monopole. Correspondingly, a naive application
of the shooting method will not yield guesses suitable for use in a BVP solver for the vast majority
of the parameter space. The interested reader is directed to Appendix [A.3|for a detailed description
of how we overcame this issue using a novel multiple precision shooting method.
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Algorithm 2 Iterated Shooting Procedure
1: initialize ¢(z) to 0
2: initialize ¢ (z) to 0
3: while not converged do
4: hold v (x) fixed
shoot for ¢(x)
fit tail to ¢(z)
integrate metric functions to asymptotic region
hold ¢(z) fixed
shoot for ¢ (x)
10: fit tail to ¥ (x)
11: integrate metric functions to asymptotic region
12: end while

Upon achieving a sufficient level of convergence, the fields are used as an initial guess for a
boundary value solver built using the program TWPBVPC, which solves two point boundary value
problems using a mono-implicit Runge-Kutta method [40]. To account for the fact that the static
equations constitute an eigenvalue problem in w/c«, the equations and boundary conditions are
supplemented by the trivial ordinary differential equation, d,w = 0 [82]. Our BVP solver requires
the same number of boundary conditions as equations and we have many possible choices for a
boundary condition for this last equation. Of these, we adopt 0,al,_, = 0 [82] which, as noted
above, is satisfied automatically in the continuum as a consequence of regularity at the origin.

As detailed in Sections and [3.4, the solutions we have found are characterized as belonging
to specific branches of various families. Within a given branch, it is possible to use parameter
continuation?| to find additional solutions on that same branch, but we were unable to use this
method to traverse between branches. Our procedure for finding solutions is thus as follows: within
a given family, we identify all branches using the shooting method, and these approximate solutions
are used as initial data for our BVP solver. Subsequently, we populate the various branches using
parameter continuation (one continuation per branch) and the BVP solver.

3.3.3 Convergence of Numerical Solutions

Once we have constructed our solutions, it is necessary to verify that the results we have found are
in fact approximate solutions of Eqns. and not numerical artifacts. We accomplish this
by performing independent residual (IR) convergence tests on the results (see Sec .

Fig. demonstrates second order IR convergence for a typical solution from the BVP solver.
When higher order schemes for the independent residuals are used on the 8192 point grid, the
residuals are observed to be non-smooth fluctuations about zero with an amplitude of ~ 10712,
indicating that our solutions are essentially exact to machine precision.

All results presented in the subsequent sections are based on solutions output on a grid of at
least 8192 points with a specified error tolerance of no more that 107'2. We note that TWPBVPC
allocates additional grid points in the vicinity of poorly resolved features and verifies convergence
through the use of high order discretizations [40]. As such, if 8192 grid points is insufficient to

2By using the solution output from the BVP solver as an initial guess for a problem with slightly modified
parameters, it is possible to generate a solution to the modified problem if that solution does not exhibit significantly
different characteristics. Unfortunately, we were unable to use this method to generate solutions on different branches
as solutions on distinct branches are radically different from one another.
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Figure 3.3: Convergence of independent residuals for a solution near the limit of our code’s ability
to resolve solutions. This limit occurs when features are present at very large distances from the
origin. Here we plot the scaled residuals of the metric function a evaluated on grids of 8192,
4096 and 2048 points using a second order finite difference scheme for the IR evaluator. With
the scaling given in the figure, overlap of curves implies second order convergence. As described
in the subsequent sections, the large spikes near the middle and right of the graph are caused by
the presence of shells of matter far from the origin. However, even in the vicinity of these shells
convergence is sufficiently precise that it is difficult to distinguish the separate scaled residuals.

resolve a particular feature of a solution, TWPBVPC will automatically allocate additional points
to ensure that the desired error tolerance is maintained. Note that in the above convergence test,
these advanced features are deactivated so that each output resolution is not “polluted” by higher
order approximations. As such, the true solutions are of higher fidelity than those used in our
testing.

3.4 Results

Due to the large parameter space associated with these solutions (as noted above, six dimensional
in ¥(0), Aps, AaMm, A, &ps and {gMm), it was not feasible to perform a comprehensive survey of the
solution space. Instead, we focus on a number of families of solutions which appear to capture the
novel behavior associated with this model.

Specifically, in subsequent sections we will deal with seven families of solutions whose fixed
parameters are given in Table and where the variable family parameter in each instance is the
central amplitude, 1(0), of the boson star. For simplicity, the boson star quartic self interaction
coupling constant, Agg, has been set to 0, and we remind the reader that we have set m = 1.

To better highlight the main properties of these families and provide the reader with a repre-
sentative view of some of the solution phenomenology, profiles of the metric functions, monopole
field, boson star profile, mass function and Noether charge are shown in Figs. for select
solutions from families b, d and e.

It should be explicitly noted that the families presented here cannot be considered representative
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Family A% Aem &Bs om
a 0.49 0.001 0 0

b 0.01 0.001 O 0
c 0.36 1.000 0O 0
d 0.81 0.010 O 0
e 0.25 0.001 3 3
f 0.49 0.010 5 0
g 0.09 0.010 O )

Table 3.1: Parameters for families of solutions. Each family consists of a continuum of solutions
differentiated by the central amplitude of the boson star.

of the entire six dimensional parameter space. Instead, these particular values were chosen since
they seemed at least representative of the phenomenology observed. Additionally, it would be remiss
to treat these figures as containing all possible branches of a given family. It is entirely possible
that there exist additional, disconnected branches within a given family which our methods were
simply unable to find.

As is evident from these figures, the model exhibits a number of unusual properties, the most
obvious of which concerns the profiles of the boson star field. For many families, these profiles are
characterized by a series of matter shells which are located far from the origin and which contain
the majority of the bosonic mass of the system.

Although these configurations are superficially similar to the excited states of a standard boson
star, we emphasize that they represent ground states of the system. The excited states (which
we can also find) are characterized by higher masses and nodes in the boson star profile at radii
beyond the final shell, as in the case of a standard boson star [80]. In what follows, we restrict our
investigation to ground state solutions.

99 family b)
******** family (d)
2.0 1 family (e)
1.8 1
S
S 1.6 A
1.4 4
1.2 4
10 O ——— ;_,,;,;,L,_;;;/‘~/’/“/
T L] T L] T L] T L] T L] T T
10~1 100 10t 102 103 104 105

Figure 3.4: Radial component of the metric, a(r), as a function of areal radius, r, for representative
solutions from families b, d and e. Here the meaning of the global monopole’s solid deficit angle is
obvious: rather than approaching flat space as r — 0o, we approach a space-time which is the four
dimensional analog of a cone.
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Figure 3.5: lapse, a(r), as a function of areal radius, r, for the same solutions plotted in Fig.
When the energy contribution of the global monopole is strong, observers at infinity see time at the
centre of symmetry as flowing faster rather than slower as is the case for ordinary compact stars.
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Figure 3.6: Global monopole field, ¢(r), as a function of areal radius, r, for the previously plotted
solutions. Relative to the boson star profile (Fig. , where the effect of coupling to the monopole is
clear, for the majority of the parameter space the global monopole field is not significantly distorted
by the presence of the boson star. In the presence of large non-minimal couplings, however, the
field can become significantly distorted near the origin, which contributes to the compactness of

the stars [83].
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Figure 3.7: Boson star field, ¢(r), as a function of areal radius, r, for the previously plotted
solutions. Here, we can see that the solutions from families d and e are not monotonically decreasing,
instead exhibiting successive shells of matter. Excluding the central peak, the solutions from families
d and e consist of seven and three shells respectively. Between shells, ¢ may reach extremely small
values. For these simulations, family d reached a minima far below our ability to confidently resolve
the solutions before the final peak.

10~ 109 10! 102 103 104 10°

Figure 3.8: Mass function, M (r), as a function of areal radius, r, for the previously plotted solutions.
It can be seen from inspection that the majority of the bosonic mass is contained within the matter
shells rather than near the origin. In the minimally coupled case, the mass contributions from the
monopole and boson star are roughly equal and opposite, while in the non-minimal case the global
monopole may contribute a positive effective mass [83, 92].
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Figure 3.9: Charge, N(r), as a function of areal radius, r, for the previously plotted solutions.
When the number of shells is relatively small and well separated, each matter shell is seen to
contribute roughly the same quantity of bosonic matter.

44



3.4. Results

3.4.1 Branching Behavior of Minimal Boson D-Stars

Interestingly, the number of matter shells is not constant within a given family.

Viewed as a
function of the boson star central amplitude, 1(0), as one progresses through the family the matter
shells will move either towards or away from the origin depending on the region of parameter space
one is investigating. At discrete central amplitudes, v, which we will refer to as critical central
amplitudes in anticipation of later results, the solution will either gain a shell far from the origin
or lose the furthest shell. This behavior is shown in Figs. and which demonstrate the
behavior of the matter fields in the vicinity of a critical central amplitude for solutions from family

d. We note that in many cases the shells appear at extremely large distances: we will refer to these

as asymptotic shells and will eventually argue that they appear at spatial infinity.

10°
¥(0) = 1.255- 1074
w1 b e ¥(0) = 1.258 - 10~*
¥(0) = 1.500 - 10~*
1071 4 5
3 \“‘,
1074 A - \
1077
10_10 T T T LI | T T "l\""l T T """I. .' T """Iji T T T
1072 107! 10° 10! 102 103 10* 10°
T

Figure 3.10: Progression of boson star profile, 1, about a critical central amplitude for family
d as a function of central amplitude, ¥(0)

Approaching the critical central amplitude (¢f ~
1.255843 - 10~%) from below (yellow), there are no shells far from the origin. After crossing the

critical central amplitude (blue), there is a shell of bosonic matter located far from the origin. As
the central amplitude is further increased (red), the asymptotic shell migrates inwards.

Examining Fig. one observes that the boson star field at times becomes exceedingly small

in the region between successive shells. In fact, when one is sufficiently close to a critical central
amplitude, it is not unusual for the boson star field in the part of the domain before the final shell
to approach 1(r) ~ 1073% the limit of double precision floating point numbersﬂ Correspondingly,
the appearance of the shells of matter is due to the non-linear interaction of the boson star and
global monopole mediated by gravity rather than a consequence of the equations describing the
boson star alone.

Plotting asymptotic mass versus central amplitude, as in Figs. and the locations of
the critical central amplitudes are clearly visible as mass gaps in the spectrum. The gaps in turn

correspond to the abrupt appearance of shells of matter far from the origin.

3From a numerical perspective, this is not so much of a concern as it might appear. Even if the relative error of
the boson field becomes large in these regions, the absolute error of the solution will remain small. What is important

is that we maintain accuracy in regions of significant matter density such as the shells. Correspondingly, the exact
minimum value achieved is both uncertain and unimportant.

45



3.4. Results

L
1073 ¥(0) = 1.255-10~* ]
———————— ¥(0) =1.258-107*
10-1 - ¥(0) = 1.500 - 10~*
=
ASH
1072 3
10—3 3
1072 107t 10° 10* 102 103 10* 10°

Figure 3.11: Progression of global monopole field, ¢, about a critical central amplitude (¢ ~
1.255843 - 10~4) for family d for the same solutions shown in Fig. The global monopole field
is not significantly affected by the presence of the asymptotic shells and exhibits no significant
changes near the critical point.

We can gain some insight into the appearance (or disappearance) of a shell as follows. As-
suming that the magnitude of the boson star profile goes as || < r~2. Enforcing the boundary
conditions (3.39H3.42), we find T' oc 7=2. Under these conditions, Eqn. (3.19) may be written to

leading order in 1/r as,

21p = 6(r)apa?, (3.54)
where we define the criticality function, 6(r), as,
2
R 2
i(r) = 3 +m”. (3.55)
Then, provided the following conditions hold as r — oo,
é(r) >0, (3.56)
A2 —-1/2
l1—-— .
a— < 1+fGMA2> , (3.57)
A2 1/2
l——— 3.58
o= (1= 1reas) (3.58)

the solutions to Eqn. are exponentials as would be expected for the boson star by itself.
If, however, 6(r) switches sign at some finite » > 1, the second derivative of the solution would
become negative, forcing the appearance of a zero crossing and the nature of the solution would no
longer be simple exponential growth or decay. As such, the condition §(r) — 0 as r — oo predicts
a change in the nature of the asymptotic solution at that point, which happens to correspond to
the development of a shell of matter.

The critical central amplitudes therefore correspond to the solutions which have § = 0 at
infinity. An example of this is shown in Figs. and which plot the mass function, M (r),
and criticality function, §(r), respectively, in the vicinity of a critical central amplitude.
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Figure 3.12: Asymptotic mass and compactness as a function of central amplitude for family c.
Unlike the other families, family ¢ does not exhibit critical central amplitudes and consists of only
a single branch. This is likely due to the size of the global monopole self interaction (Agy = 1.00)
which greatly reduces the length scale of the monopole (in the case of the minimally coupled
monopole, the transformation Agy — K2Agar,r — 7/k,t — t/k generates a new solution from an
existing one). As such, the space-time achieves its asymptotic solid angle deficit on a length scale
small compared to the size of the boson star.
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Figure 3.13: Asymptotic mass and maximum compactness as a function of central amplitude for
family d. The bottom plot shows an expanded view of the top one, highlighting the structure.
Note the turning point showcased in the subplot and marked with the vertical dashed line. This
corresponds to a matter shell that was originally progressing inwards (as a function of boson star
central amplitude), progressed to some minimal distance from the origin (corresponding to the
turning point) and then reversed direction and progressed outwards.
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Figure 3.14: Progression of mass function, M (z) about a critical central amplitude (¢§ ~ 1.255843-
10~%) for solutions from family d as a function of central amplitude. Here we have plotted the same
solutions shown in Fig. As one progresses across the critical point, a new shell of matter
appears far from the origin (blue dashed line) and then moves inward (red dot-dashed line). Note
that the inner and asymptotic shells contain approximately the same amount of bosonic matter
and that as we cross the critical central amplitude, the asymptotic mass changes discontinuously.
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Figure 3.15: Progression of criticality function, §(x), about a critical central amplitude (v§ ~
1.255843 - 10~%) for solutions from family d as a function of central amplitude. As before, we have
plotted the same solutions shown in Figs. [3.10] and [3.11], however we have plotted versus z to more
clearly showcase the turning points of the criticality function. Note that as we cross the critical
central amplitude, §(z) never dips below 0 asymptotically.
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3.4.2 Branching Behavior of Non-Minimal Boson D-Stars

Solutions with non-minimal coupling also exhibit critical central amplitudes and mass gaps, but
additionally display a few crucial differences relative to the minimally coupled case. Figures|3.16
show the mass spectra for families e, f and g. From Figs. and it can be seen that
the non-minimal coupling smooths the transitions that occur at the critical amplitudes for at least
some of the parameter space. The mechanics of this smoothing mechanism are expanded upon
in Figs. and where it is shown that as the central amplitude, ¥ (0), is increased, the
location of the matter shell increases to some maximum radius, at which point further changes to
the central amplitude result in the shell shrinking to nothing. Note, however, that this behavior
is not universal for the non-minimally coupled case; there is a mass gap about the final branch of
family e shown in Fig. and family f is entirely without smoothing (Fig. . Evidence based
on various solution families we have examined suggests that this smoothing behavior is a function
of global monopole coupling rather than boson star coupling.
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Figure 3.16: Asymptotic mass as a function of central amplitude for family e. The subplot shows
an expanded view of the upper plot highlighting the structure. The non-minimal global monopole
coupling appears to smooth out the transitions for at least a subsection of the parameter space.
However, note the discontinuity between the final and penultimate branches of the uppermost
subplot, which is not an artifact of the resolution of the plot. At the critical central amplitude,
the mass approaches ~ 1.5 on the left and ~ —1.3997 on the right. The locations of local maxima
resulting from the appearance of shells at finite radius are not highlighted to avoid cluttering.

As the asymptotic shells may appear at either some finite areal radius or at infinity in the non-
minimally coupled case, the criticality function, 6(r), is of limited use in determining the value of
the critical central amplitudes, v{, when smoothing is present. When the asymptotic shell vanishes
at some finite areal radius, we find the critical central amplitudes through continuation, tuning
the boson star central amplitude until the final shell vanishes. In the case that the asymptotic
shell vanishes at infinity, the critical central amplitudes are found via the procedure described in

Section [3.4.71.
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Figure 3.17: Asymptotic mass as a function of central amplitude for family f with a minimally
coupled global monopole and non-minimally coupled boson star. The subplot shows expanded
views of the uppermost plot, highlighting structure which is insufficiently resolved in the first plot.
Unlike Figs. [3.16] and there is no smoothing between the solution branches.
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Figure 3.18: Asymptotic mass as a function of central amplitude for family g. As with family e, the
branches exhibit significant smoothing. Correspondingly, the smoothing behavior appears to be an
effect of the non-minimal global monopole coupling rather than non-minimal boson star coupling.

50



3.4. Results

100 .

1072 .

1076 .
¥(0) = 4.040- 1072
10-84 —— ¥(0) = 4.042 - 1072
¥(0) = 4.044 - 1072

10710 T g T g T g T g T g T oo T ororrrrr
1072 107! 10° 10! 102 103 10* 10°

Figure 3.19: Progression of boson star profile, ¢, about a critical central amplitude for family e as
a function of central amplitude. Approaching the critical central amplitude (¢§ ~ 4.04229 - 1072)
from below (yellow), there are no shells far from the origin. As the critical central amplitude is
crossed (blue), a matter shell appears some finite distance from the origin. As the central amplitude
is further increased (red), the shell increases in mass and begins to migrate inwards. In contrast
to the behavior of the minimally coupled case (Fig. , the shells of matter appear/disappear
at some finite distance from the origin. Note that when a version of this figure appeared in [107],
there was an error where the y-axis was labeled “i(r) - r” rather than “i(r)” corresponding to an
earlier version which did not use a logarithmic scale.
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Figure 3.20: Progression of mass function, M (z), about a critical central amplitude (¢§ ~ 4.04229 -
1072) for family e as a function of central amplitude. Here we have plotted the same solutions
shown in Fig. In contrast to the apparent behavior of the minimally coupled case where the
critical points can be determined by eye, in the non-minimally coupled case the shells of matter
disappear at some finite distance from the origin and the asymptotic mass is continuous across the
critical central amplitude. In general, when the shells of matter appear/vanish at a finite distance
from the origin, the criticality function is of limited use in determining the value of the critical
central amplitudes.
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3.4.3 Critical Scaling of Asymptotic Shells

In the non-minimally coupled case, the matter shells frequently vanish at some finite areal radius.
Given these results, it is worth investigating in more detail whether the observed behavior of what
we have identified as asymptotic shells is simply an artifact of limited resolution and/or finite
precision in our numerical algorithms. The following analysis of the dependence of the location of
such a shell on the family parameter strongly suggests that the phenomenology we are seeing is
bona fide.

Plotting areal radius of an asymptotic shell, r, as a function of |1(0) —¢¢| as in Figs. and
[3.22] it is seen that rs follows the scaling law,

rs o [(0) = ¢7[ 7P, (3.59)

with p ~ 1.

This provides strong evidence that at the critical central amplitude, 95, the shell reaches infinity.
As such, a critical central amplitude appears to signal something analogous to a first order phase
transition in statistical mechanics where the asymptotic mass takes the role of the energy and the
mass gap is similar to latent heat. In the non-minimally coupled scenario these transitions may be
partially smoothed out, as shown in Figs. and in which case scaling law is not obeyed.

From Fig. it can be seen that within a given family, the areal radius of the outermost shell,
rs, appears to follow the same scaling law, indicating the presence of an underlying mechanism for
the scaling that we will investigate in the next section. Moreover, Figs. and demonstrate
that this scaling appears to be preserved across families, with variations perhaps due to the fact the
shells are not entirely within the asymptotic regime. As such, there is evidence that all families,
including non-minimally coupled families, follow the same universal scaling law (p ~ 1).

¥§, p=0.992
¥§, p = 0.987
10* 5 ¥§, p=0.981
¢, p=0991
=
2 103
102 4

'10—4 103 10~2
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Figure 3.21: Areal radius of outermost shell (7,) as a function of |1)(0) — v¢| for selected branches
of family d. Within a given family, the areal radius of the outermost shell follows the scaling law
Eqn. (3.59) with very similar exponents, p ~ 1. It is possible that the variations in the computed
exponents, relative to p = 1, would disappear in the limit r; — oo, |1(0) —9¢| — 0, with the metric
functions approaching their asymptotic values. However, our code is incapable of exploring this
regime.
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Figure 3.22: Areal radius of outermost shell (7,) as a function of |1)(0) — v¢| for selected branches
of families a, b and d. Given the variation in the parameters, the scaling exponent p is remarkably
consistent across families (p &~ 1). As in the case of a single family (see Fig. 3.21)), it is possible
that these small variations would disappear in the asymptotic limit.
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Figure 3.23: Areal radius of outermost shell (7,) as a function of |1)(0) — v¢| for selected branches
of families e and f. Here we plot the penultimate branch of family e as it is the only one which
exhibits a mass gap (see Fig. 3.16). It is observed that both the minimally coupled and non-
minimally coupled cases exhibit approximately the same scaling exponent, p ~ 1.

3.4.4 Derivation of Scaling Law

In this section we present a derivation of the apparently universal scaling law observed above. We
show that the scaling relation can be derived assuming only that asymptotic shells of matter exist
and that the region before the asymptotic shell is well approximated by the asymptotic expansion
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of the fields given by Eqns. (3.39-3.42)). In what follows, we view the solutions as simultaneous
functions of r and ¢(0). In particular, we consider the following functional quantities:

a(r,1(0)), (3.60)
w(1(0)). (3.61)

As previously noted, in the case where there is a mass gap between branches, the areal radius

of the asymptotic shell, 74, corresponds to any boson star central amplitude, (0) = f, where
the criticality function, 6(0), is equal to 0 far from the origin. Provided we are in the asymptotic

regime, we have the following condition derived from the asymptotic expansion of o as r — oo,

A? 2M (4(0))
1+ fGMA2 B r ) ’

alr,9(0))* = <1 - (3.62)

where M is the value of the mass parameter before the asymptotic shell. Writing the radius of the
asymptotic shell as a parameterized function of 1(0),

rs = 1r5(1(0)), (3.63)

and evaluating Eqn. (3.19) in the asymptotic regime, we have

w(zfr(;)))2 N ’y(li(()))’ (3.64)

a(rs, ¥(0))? =

where 7(¢(0)) parameterizes the 1/r dependence of Eqn. (3.19). Eqn. is then the condition
that the criticality function, d(r), approximately vanishes in the vicinity of the asymptotic shell.

We expand the parameter v(1(0)), mass function, M ()(0)), and eigenvalue, w(¢)(0)), as func-
tions of the boson star central amplitude, 1(0), about the critical point, ¢,

O =0+ O il IR | (3.69)
M) = Mo+ lw0) —u TGl (3.66)
00 =0+ 160) —vil GHEP| (367

where derivatives are evaluated on the branch with the asymptotic shell and the signs are chosen
to give the observed behavior. Upon substituting Eqns. (3.62H3.67) into Eqn. (3.64) and evaluating

at r = ry we find:

m2<(8¢(> 28%>|¢() ¢f|+70+2M0)

re = — — (3.68)
W(% +2[9(0) _wz‘CIWOW —m? (1 — W)
Noting that evaluation of Eqn. (3.62) at the critical point (r = co) gives,
2 2
w; A
—=1-— 3.69
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this simplifies to:

o oM
_ @i@ o+ WO)) m (B4 Mo)m?
re = — 5 — e —. (3.70)
“0gy(0) woggay [¥(0) — 5]

It can be seen from inspection that in the limit [/(0) — ¢§| — 0, Eqn. (3.70) has the same
functional form as the scaling law found experimentally (Eqn. (3.59))) with p = 1 as observed in

Section 3.4.3.

3.5 Summary

Following and expanding upon the work of Marunovic & Murkovic [83], we have found new families
of numerical solutions for the boson d-star system ( Sections[3.1H3.2). As we were unable to find our
solutions using standard BVP solvers with generic initial guesses, we developed a modification of the
standard shooting method which permits integration to arbitrary distances (Appendix . With
initial guesses supplied by this shooting procedure, we were able to find convergent solutions using
a BVP solver based on the code TWPBVPC [40] (Section [3.3.2). The correctness of these solutions
was then established through the use of independent residual convergence tests (Section .

Analysis of these solution families (Section reveals that the solutions possess a number of
novel properties which are summarized here. Perhaps most fundamentally, in contrast to boson
stars, boson d-stars cannot, in general, be deformed continuously throughout the parameter space.
There exist critical central amplitudes in the parameter space for which the matter fields and
metric functions exhibit finite change due to an infinitesimal change in parameters. Specifically,
as one increases the central amplitude of the boson star, ¥(0), while keeping all other quantities
fixed, there exist a series of central amplitudes, 1§, where shells of bosonic matter either appear or
disappear far from the centre of symmetry (Sections and [3.4.2). To our knowledge, solutions
with this behavior have not been previously observed.

These abrupt transitions in the functional form of the solutions appear similar to statistical
mechanical phase transitions about a critical central amplitude. As such, these solutions may
represent critical solutions in the sense that the appearance of a shell of matter far from the origin
is analogous to the latent heat of a phase transition.

Of particular note is the observation that the areal radius of the centres of these asymptotic
matter shells appears to follow a universal scaling law, Eqn. (3.59), with p ~ 1 (Section[3.4.3). This
relation is observed to hold in both the minimally coupled and non-minimally coupled cases and
suggests an underlying closed-form explanation which we were able to derive (Section .
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Chapter 4

Non-Minimally Coupled
Topological-Defect Boson Stars:
Stability of Solutions

In this chapter, we build upon the foundation laid in our 2023 paper, titled “Stability of Non-
Minimally Coupled Topological-Defect Boson Stars” [109]. This paper serves as a primary reference
throughout our discussion, particularly as it extensively cites our earlier 2016 work, which explores
families of stationary ground state solutions for the same matter model [107]. It is pertinent to
note that any mention of [107] within this context can be interchangeably considered as a reference
to Chapter |3l

As shown by Marunovic and Murkovic [83], non-minimal d-stars, composite structures consisting
of a boson star and a global monopole non-minimally coupled to the general relativistic field, can
have extremely high gravitational compactness. In a previous paper we demonstrated that these
ground-state stationary solutions are sometimes additionally characterized by shells of bosonic
matter located far from the center of symmetry [107]. In order to investigate the question of
stability posed by Marunovic and Murkovic, we investigate the stability of several families of d-stars
using both numerical simulations and linear perturbation theory. For all families investigated, we
find that the most highly compact solutions, along with those solutions exhibiting shells of bosonic
matter, are unstable to radial perturbations and are therefore poor candidates for astrophysically-
relevant black hole mimickers or other highly compact stable objects.

4.1 Background

Attempts to create stable solitonic solutions in the context of general relativity go back to Wheeler
in 1955 with the development of geons—solitonic objects comprised of various fundamental fields
coupled to gravity [128]. Although Wheeler’s geons proved to be unstable in general, further work
by Kaup [66] and Ruffini and Bonazzola [115], lead to the discovery of the stable massive solitons
today known as boson stars [80)].

Over the intervening years, boson stars and their descendants have been invoked for a large
variety of processes and models including black hole mimickers [15, 83|, models of neutron stars [83,
94, 96, 122, 132], binary systems [94], sources of dark matter [86, 92, 113, 118, 124] and sources of
gravitational waves [86, 94]. Though boson stars are not known to exist in nature, the simplicity of
their matter model makes them a valuable tool for qualitative analysis and for providing a simple
first step and test bed for more complex matter models [80, 94].

Studies have demonstrated that boson stars are stable to perturbations provided that the central
density of the star is sufficiently small [53, 73, 73, 75, 80, 86]. However, without a self-interaction
term in the potential, the mass of the star scales as %mg /m (where m,, is the Planck mass and m
is the boson mass). For reasonable particle masses, this results in stars with masses far below the

usual Chandrasekhar limit for fluid stars [12, 46, 80]. Thus, these so-called mini-boson stars are
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4.2. Review of Stationary D-Stars

useful primarily as a test bed with their more specialized cousins (having, for example, additional
terms in the potential) being adapted to various astrophysical situations [80].

Whereas boson stars gain their stability through a conserved charge and the interplay between
pressure and gravity, global monopoles are topologically stable [16, 119, 126]. Along with other
topological defects such as textures, domain walls, and strings, monopoles are expected to form
fairly generically when underlying field symmetries are broken through early-universe phase tran-
sitions which are mediated by expansion and cooling [126].

In the case of the monopole, the simplest class of defect consists of a scalar field triplet with a
global O(3) symmetry which is spontaneously broken to U(1) on a non-contractible 2-surface. If
the broken symmetry is local, the resulting monopole is shielded by the Maxwell field and has finite
energy and extent. Conversely, if the field exhibits a global symmetry, we find that the resulting
energy is linearly divergent in radius [16, 93, 119, 126].

Although this divergence may seem somewhat problematic, there are two important caveats.
First, the energy divergence cuts off upon encountering another monopole or antimonopole. Second,
in the context of general relativity, the energy divergence has the simple effect of producing a solid
angle deficit spacetime along with a small effective negative mass core, rather than more exotic
features [16, 93, 107, 119]. As shown by Barriola et al. [16], we would expect global monopoles
and anti-monopoles to annihilate extremely efficiently due to the fact that the interaction strength
between them is independent of distance. Although this annihilation is avoided by local monopoles,
we expect a Hubble volume to contain only ~ 1 global monopole at the present time due to the
efficiency of this interaction.

Putting aside these considerations, when a global monopole and boson star are combined, the
result is a novel object referred to as a topological-defect boson star or “d-star”. Previously studied
in [78,79,83,107], it was shown that through non-minimal coupling and proper choice of interaction
parameters, d-stars could be made extremely dense, thereby potentially acting as mimickers of black
holes or other highly compact objects [83]. Subsequent in-depth investigation of these objects
revealed novel interactions and ground state solutions [107]. When viewed as functions of the
boson star central density, these ground state solutions are characterized by discontinuous changes
in the global properties of the system (mass, charge, etc.). To better describe this behaviour, we
borrow the terminology of statistical mechanics. In this analogy, the central density of the boson
star takes the place of the temperature, the asymptotic mass takes the role of the energy and the
mass gap is similar to latent heat.

The discontinuous changes in global properties are mediated by the appearance or disappearance
of shells of bosonic matter at characteristic radii which can be either finite or infinite. We use the
term asymptotic shell to refer to any shell of matter which first appears far from the coordinate
origin as 1(0) is increased past some critical value and which subsequently vanishes when (0) is
further increased past a second critical value. We refer to those families of solutions with mass
gaps (when the mass is viewed as a function of the central density) as expressing a first order phase
transition. Those with discontinuities in the derivative of the asymptotic mass or charge express a
second order phase transition. The interested reader is directed to [107] for an in-depth review.

4.2 Review of Stationary D-Stars

We have previously solved the equations of motion assuming stationary solutions, the harmonic
ansatz for the boson field and a hedgehog ansatz for the monopole fields [107]. The solutions we dis-
covered were characterized by a series of discrete boson star central amplitudes, 1§(0), about which
the character of the solutions changed discontinuously in a manner analogous to a phase transition.
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4.2. Review of Stationary D-Stars

In what follows, we will use the same terminology and notation as our previous paper [107], which
is briefly reviewed below.

The parameter space we consider here is six-dimensional, spanned by the central amplitude of
the boson star, ¢(0), and five coupling parameters: the solid angle defect, A2, the quartic global
monopole potential parameter, Ag, the quartic boson star potential parameter, Ag, the global
monopole non-minimal coupling, £, and the boson star non-minimal coupling, {5. We fix the
mass of the boson star field, m = 1, and note that this sets the energy scale of the solutions. We
define a family of solutions to be the set of all ground state solutions with common A, A\g, Ap,
o and £p. As such, within a given family, solutions can be indexed by the boson star central
amplitude, 1(0), which is the only free parameter of the family (see Fig. [4.1).

Due to the large parameter space associated with these solutions, it was not feasible to perform
a comprehensive parameter space survey. Instead, as in [107], we focus on a number of families
of solutions which appear to capture the novel behavior associated with the model. In subsequent
sections we deal with eight families of solutions whose fixed parameters are given in Table For
simplicity, the boson star quartic self interaction coupling constant, Ap, has been set to 0 under
the assumption that its primary effect will be to produce more compact objects (while having
only a minor effect on the low density asymptotic shells that we find). Those families that were
investigated in [107] were given identical designations.

Family A2 g Ag ¢ &a
c 036 0 1.000 O 0
d 0.81 0 0.010 O 0
e 025 0 0.001 3 3
f 049 0 0.010 5 0
g 009 0 0.010 O 5)
h 008 0 0100 -4 5
D1 0.09 0 0.040 O 0
P32 025 0 0.040 O 0

Table 4.1: Families of solutions and their associated parameters. Each family consists of a con-
tinuum of solutions labelled by the central amplitude of the boson star. In particular, family h
corresponds to a family in the high compactness regime as defined in [83]. Due to their rela-
tively simple and illustrative modal structure, families p; and po are the only ones we explore with
perturbation theory.

We define a branch of a family to be the set of all solutions in the family where the asymptotic
mass, M, is C! as a function of the central amplitude, 1»(0). Using this definition, Fig. provides
a mass plot illustrating a hypothetical family with three branches. We use the term region to refer
to the set of all solutions on a given branch between extremal values of the asymptotic mass. Using
our previous example, the first branch of Fig. consists of a single region while the second and
third branches each consist of two regions.

As demonstrated in Fig. which plots the asymptotic mass, M, of a family of solutions,
this mass parameter is not in general a smooth function of the boson star central amplitude, ¥(0),
as would be expected for a fluid star. As we construct families of stationary solutions by varying
the central amplitude of the boson star (keeping all other parameters fixed) we find that when the
central amplitude is increased or decreased across a critical point ¢{(0), a shell of bosonic matter
will either appear or vanish far from the center of symmetry. As shown in [107], these shells of
matter may either appear suddenly at spatial infinity, or gradually at a finite radius when the boson
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Figure 4.1: Asymptotic mass as a function of central amplitude for a hypothetical family consisting
of three branches. The first branch consists of a single region while each of the subsequent branches
consist of two regions, the extent of which are delimited by their mass turning points. Solid vertical
lines denote the extent of branches while regions within a branch are separated with vertical dashed
lines.

star is non-minimally coupled to gravity.

s\\ W/
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Figure 4.2: Asymptotic mass as a function of central amplitude for family d. The lower panel
shows an expanded view of the upper plot highlighting the central structure. As demonstrated
in [107], the apparent discontinuities are genuine. These discontinuities correspond to shells of
bosonic matter of finite mass and particle number appearing or disappearing at spatial infinity.

As discussed in full detail in [107], these families of solutions have features that are in many
ways analogous to critical points and phase transitions in thermodynamical systems. When shells
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appear at infinity with finite mass, we have a direct analogy with first order phase transitions with
1(0) taking the role of the temperature or pressure and the mass gap being analogous to the latent
heat. When the transition is gradual, as in the case of non-minimal coupling, we have a situation
more analogous to second order, or continuous, phase transitions.

4.3 Overview

In analysing the stability of the boson d-star solutions, we adopt a two pronged approach. First, we
consider the general non-minimally coupled case and perform dynamical simulations of a number of
families which seem to be representative of the model as a whole. Specifically, from these families
we choose a few solutions from each branch, perturb the solutions and follow the evolution of the
system, looking for growth of excited modes. Previous studies have shown that stability transitions
are confined to turning points of the asymptotic mass or charge when these quantities are viewed
as functions of boson star central amplitude [53, 69, 73, 75]. We greatly simplify our investigation
by considering only a small number of evolutions per region and by assuming that the observed
stability for these simulations generalizes across the entire region.

Our second approach involves a detailed analysis of the mode structure of the d-star solutions
via linear perturbation analysis. Due to the complexity of the resulting equations for the non-
minimally coupled case, we limit ourselves to the investigation of the minimally coupled configu-
rations. Through an exhaustive investigation of two families, we deduce a general mode structure
which is in broad agreement with the results of our dynamical simulations.

4.4 Matter Model

Following the prescription of Marunovic and Murkovic [83], the dimensionless Einstein-Hilbert
action (¢ =1,G = 1/8n) is given by

SEH = /dILA\/TQS (4.1)

while the actions for the boson star and global monopole are:

Sp = / dat =g [—; (VaT7) (V'0) — Vig + %BR (q/*\y)] , (4.2)
2
Sa = / dz'v/=g [—AQ (Vug®) (V") = Ve + %GRA? <¢“¢“>] : (4.3)

Here, V¥ is the complex boson star field, ¢® are scalar field triplets comprising the monopole, Vp
and Vg are the self interaction potentials for the boson field and monopole fields respectively, R is
the Ricci scalar and £ and &g are the non-minimal coupling constants. The stress-energy tensors
associated with the matter actions are:

1 1 1
B * * *
T, = GVa ¥ V0 + SV, UV, — 2, (VaUVOT" +2Vp)

(4.4)
— & (G + 9w VaV* =V, V,) T,
G A2 a a A2 a a 1 2 axTa a
T,uu = 7vu¢ Vo + 7vu¢ V,u¢ - 59;11/ (A VoV +2VG) (45)

— A (G + 9w VaV® =V, V,) ¢%¢%.
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We use the standard 3+1 decomposition where 4D spacetime is foliated into a sequence of
spacelike hypersurfaces, ¥, such that each hypersurface of constant ¢ has a 3-metric, v;;. Explicitly,

the 4-metric takes the form
ﬂﬂ+ﬁ%<ﬁj)
L, = i ) 4.6
m ( B; Yij ( )

with a time-like normal, n”, to the foliation, 3, given by
1 %
n’ = <,—B> . (4.7)

Here, o and 3* are the usual lapse and shift respectively. We impose spherical symmetry, and adopt
polar-areal coordinates such that the line element becomes

ds® = —a(t,r)?dt* + a(t,r)*dr?® + r* (d92 + sin? 9d¢2) ) (4.8)

Decomposing the boson field into a real and imaginary part and taking the hedgehog ansatz for
the monopole, the matter fields and corresponding potentials are

U= g+ i1, (4.9)
5 = ou ", (410)
Ve = %GAW)% — 1) (4.11)
Vo = " (¢h+0D) + 22 (¢h+ 6D’ (412)

Varying the actions with respect to the matter fields gives the equations of motion for the matter:

VuV¥or = ¢rOVs, — EpRor, (4.13)
V. VHor = ¢r0Vy, — R, (4.14)
V.
Vi Vion = w% + 2(:% —&aRém, (4.15)
where:

WV, = m°br + Ap (8% + 67) Or, (4.16)

OV, = m*¢r + Ag (¢ + 67) o1, (4.17)

Wr = AcAt (¢?\/j - 1) M- (4.18)

We express the fields ¢4 = (¢r, ¢r1, dar) in terms of their conjugate momentum and spatial deriva-
tives:

II4 = gatqu (4.19)
Py =004 (4.20)
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Evaluating tensor components and simplifying, the equations of motion for the matter fields may
be expressed as

i) 29
O = —(EpdrT + ds,V) aa + 0, < GRO‘> + Tfa, (4.21)
D 20
Oll; = —(EppiT + 9, V) aa + 0, ( ! ) + r;a, (4.22)
0p,,V 2 Py 20«
atHM:—<§G¢MT+¢M2+¢éV[> oza—l—&( M >+ M (4.23)
A r a ar
) 29
Bllp = O, ( PO‘) + =g (4.24)
a ra
Here, we have used the contracted Einstein equation R = —T, and have incorporated a massless

scalar field, ¢p, to facilitate perturbation of the stationary solutions. The choice of polar-areal co-
ordinates greatly simplifies the Einstein equations and after a considerable amount of manipulation
we arrive at the form of the equations given in Appendix

4.4.1 Boundary Conditions

Given the hedgehog ansatz (4.10), ¢ is the magnitude of the global monopole fields, ¢®, which
are analogous to an outward pointing vector field. As such, to maintain regularity we must have
¢r = 0, at the center of symmetry. Further, as r — 0, regularity requires ¢r, ¢5, ¢op, I, 117, lp,
a and « be even functions of r (with a(¢,0) = 1) while ¢y and IIj; are odd functions of 7.

In the limit that » — oo, the boson star field exponentially approaches zero while the global
monopole transitions to its vacuum state (¢r — 0, o1 =0, dpr = 1+ >, c;ir ). Defining A by

A2

Ae_ =
1+ A2’

(4.25)

and assuming a series expansion in 1/r, the metric equations can be integrated to yield the following
regularity conditions as r approaches infinity [83, 92]:

or = ¢r = ¢pp =0, (4.26)
1
_1_ 4.
ou =1= 3 x5 (1+EqA?) (4:27)
IIp =1I; =1Ip =11 = 0, (4.28)
i —1/2
a= (1 A W) , (4.29)
T
) 1/2
o= <1 - A— W) . (4.30)
r

Here, M is a constant of integration proportional to the ADM mass of a solid angle deficit spacetime
as defined in the next section.
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4.4.2 Conserved and Diagnostic Quantities

The global U(1) invariance of the boson star field gives rise to a conserved current,
i
= — (U'V,¥ -9V, u* 4.31
Ju= 16- (TVa V), (4.31)
1
= % (61V o — OrRV 101)

with temporal component,

Jy= o

= %ra (¢prllg — ¢RIly). (4.32)

Associated with the current is a conserved charge,

N = / Jyn? \/yda?, (4.33)

with spatial gradient,

2
8N = % (611R — HRII;). (4.34)

Although the energy of the spacetime is linearly divergent in r, it is possible to use the prescrip-
tion of Nucamendi et al. [93] to define an ADM-like mass, Mapw, for a solid angle deficit spacetime
as

Mapn = 167r(11—A) /6 . (3729 = 551 Dy (Yea) S (4.35)

Here 4, is a metric which is flat everywhere save a deficit solid angle, and which is induced on

all constant time hypersurfaces, ¥;. Dy, is the associated connection and dS, is the surface area
element [93].

Evaluation of (4.35) using the asymptotic forms of the metric functions (4.29)—(4.30) under the
coordinate changes prescribed by Nucamendi, yields

_\ —3/2
Mapa = M(l - A) : (4.36)
where M is defined as in Eqn. (4.29)). We further define a mass function as
~ (1= -2 _ A
M(t,r) = 3 (1 alt,r) A) , (4.37)
My = le M(t,r), (4.38)

and use it to monitor energy conservation of the system. We also use the above definition of
M(t,r) to define a measure of the compactness of the system. Specifically, following Marunovic
and Murkovic [83], we define the compactness as

2M(t,r)
T (1 — A) 7

such that C(t,r9) — 1 indicates the development of an apparent horizon at areal radius ry. Corre-
spondingly, we define the quantity Cpax as

Cax = max (C(t,71)) . (4.40)

C(t,r) = (4.39)

For any given configuration of matter, then, Ciax measures the maximum compactness of the
configuration.
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4.5 Dynamical Simulation

This section provides an overview of our evolution scheme and associated numerics. Section 4.5.1]
details the initialization of the metric and matter fields, while Sec. introduces the finite dif-
ference discretizations used to solve the equations of motion and describes the evolution procedure.
Sec. specifies the tests used to ensure convergence of our scheme. Finally, Sec. describes

our method of extracting stable and unstable perturbative modes from the dynamical simulations.

4.5.1 Initial Data

To initialize an evolution, the boson star fields, ¢r and ¢;, global monopole field, ¢5;, and metric
fields, a and «, are interpolated to the evolution grid from a stationary solution (computed using
the methodology described in [107]) using a high order interpolation scheme. Subsequently, we
add a small perturbation consisting of either a Gaussian pulse in the massless scalar field, ¢p, or a
rescaling of the matter fields. Finally, the Hamiltonian and momentum constraints are re-integrated
to account for the perturbation and the system is ready for evolution.

Specifically, when considering a case where the excited modes are observed to grow slowly
compared to the light-crossing time of the star, the perturbation is set using a time-symmetric
massless scalar field pulse of the form

_ (r —ro)*
¢p(0,7) = agexp | ———— : (4.41)

99

where ag, o9 and ry determine the location and intensity of the pulse at ¢ = 0. A portion of this
time symmetric pulse implodes inwards and excites perturbative modes in the boson d-star before
dispersing to infinity.

When the growth rate of the perturbative modes are large compared to the scale of the star,
this approach fails to produce good results (e.g. the perturbations evolve into the non-linear regime
before the perturbing pulse is able to disperse). In this case, the truncation error induced by
restricting the stationary solutions to the evolution grid (which is quite coarse compared to the
one used to determine the time-independent solutions) induces growth modes over which we have
very little control. These modes quickly become the dominant source of perturbation and ham-
per the extraction of useful information from the simulations. To overcome this, we introduce a
perturbation by rescaling the matter fields as,

¢i(x) = ¢i (1+A)x), (4.42)

where X is taken to be a small number, typically on the order of 107>, and reintegrating the
Hamiltonian and polar slicing condition. Here, x, is a compactified spatial coordinate as will be
discussed shortly. Although this form of perturbation works well, it is decidedly less natural than
perturbing with an external matter field and we stick to the former approach whenever possible.

4.5.2 Evolution Scheme

We evolve the matter field quantities using f and a second order finite difference scheme
with Crank-Nicholson differencing. To damp high frequency solution components we add fourth
order, temporally centered, Kreiss-Oliger dissipation. Due to the global nature of the monopole
field, the need to evolve the simulations for many dynamical time scales, and the fact that it helps
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4.5. Dynamical Simulation

in implementing the r — co boundary conditions, we adopt compactified coordinates defined by:

Az
Ty
where A is a positive real number that typically satisfies 1 < A < 100. Specifically, A is chosen so
that all solution features are well resolved with our choice of mesh spacing. Since x compactifies
the entire domain of r, this coordinate change works in conjunction with our numeric dissipation
operators to suppress wave like oscillations far from r = 0. This in turn permits us to forgo
crafting outgoing boundary conditions for our fields and instead impose trivial boundary conditions
corresponding to f at the x = 1 limit of our domain. Care must be taken, however, to
ensure that the parity of functions at the origin is treated according to their behaviour in r rather
than z.

As noted in Appendix[B.1] it is possible to find an expression for d,a independent of a. As such,
we may consider the equation for the metric as two initial value problems rather than a coupled
boundary value problem. In practice, we find the most effective method of solving for the metric
functions is to integrate 0,a from x = 0 to x = 1, initialize & = 1/a at x = 1, and integrate 0,«
back to x = 0.

Although our overall evolution scheme is well suited to the evolution of highly dynamical sim-
ulations, its utility for investigating nearly stationary solutions and the growth of perturbations is
limited by the use of second order finite difference operators. In particular, there are significant
restrictions on the period of time for which a simulation may be run before dispersion becomes the
dominant factor limiting solution accuracy. The scheme was chosen for ease of implementation, but
fourth order finite difference or spectral schemes would be far superior for the purpose of resolving
modes with very slow growth rates.

0<z<l1, (4.43)

4.5.3 Convergence

To validate the stability of the evolution scheme and to ensure that mass and charge are approx-
imately conserved for dynamic configurations, we choose initial data consisting of a stationary
solution perturbed by a large-amplitude massless scalar field pulse at the origin. The mass energy
of the massless scalar field is a significant fraction of the total mass energy of the system, so the sys-
tem as a whole is highly perturbed from stationarity. Specifically, the monopole is non-stationary
far from the origin due to its coupling to the modified metric functions.

We demonstrate the convergence of our algorithm via the evolution of slightly sub-critical
(i.e. slightly stronger initial perturbations would result in black hole formation), non-minimally
coupled, initial data. In verifying the validity of our evolutionary scheme, we make use of the
technique of independent residual evaluators. This involves creating alternative discretizations of
the equations of motion (EOM) which are then applied to solutions computed via our evolutionary
scheme. More explicitly, our evolutionary scheme solves the difference equations,

D(u") — f* =0, (4.44)

where D is some non-linear difference operator and u” and f are our discretized fields with
grid spacing h. The technique of independent residual evaluation involves finding an alternative
discretization, D', application of which to our pre-computed solution, u”, yields,

D'(uh) — fh = 7h, (4.45)

If #" is observed to converge at order O(h?), it implies that both D and D’ match to order O(h?)
and provides confidence—far beyond what can be achieved with standard convergence tests—that
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4.5. Dynamical Simulation

we are solving the correct EOM. Figure 4.3| shows representative independent residual convergence

of strong field initial data for a range of grid spacings while Figs. 4.4 and [4.5| plot conserved quantity
violations for the same solutions. From these plots, it can be seen that the solution algorithm is
convergent in the strong field limit.
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Figure 4.3: Convergence of the lo-norm of independent residuals for the trace of the Einstein field

equations (T'+ R = 0) in the case of a very strongly perturbed d-star. The residuals of the higher
resolution simulations are scaled by 16 and 256, respectively such that overlap of the curves implies

second order convergence. This figure encompasses approximately 50 light-crossing times or 20
periods of the central boson star oscillation, Tgs.
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Figure 4.4: Convergence of charge conservation for strong field data where the residuals of the
higher resolution simulations have been scaled such that overlap of the curves implies second order
convergence. The oscillation period of the unperturbed central boson star is denoted 7gg.

67



4.5. Dynamical Simulation

x1073
1 1 hg192 - 256
”””” hooas - 16
hsi2
= 07
A
<
=
<
_1 -
_2 -
T T T T T T T T T
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

t/TBS

Figure 4.5: Convergence of mass conservation for strong field data where the residuals of the
higher resolution simulations have been scaled such that overlap of the curves implies second order
convergence.

4.5.4 Extraction of Growth Modes

The basic mechanics of a perturbation theory analysis suggest an obvious means by which the
stability of a solution may be tested. By monitoring the growth rate of a quantity which would
remain constant were the solution unperturbed, we can make a direct measurement of the eigenvalue
of the dominant mode. In the case of instability, we expect to see exponential growth in the norm
of the perturbation. In contrast, the norm of a perturbed quantity which is stable should oscillate
in time. In both cases, the growth rate or period, respectively, may be determined by appropriate
fits to the perturbed quantity.

A note of caution is, however, warranted: the method described above is only capable of de-
termining a lower bound for the instability of the system. It is entirely possible for this method
to miss unstable modes with eigenvalues much smaller than those of the excited stable modes (in
which case the growth rate of the former is masked by oscillations of the latter). In an effort to
counter this problem, we evolve the perturbed solutions for many dynamical timescales as given by
the lowest frequency stable mode. This typically translates to hundreds of light-crossing times and
thousands of boson star oscillations. Although we can never state with absolutely certainty that a
solution is stable, we will nonetheless use that terminology when no growing modes are detected
over such time scales.

Previous stability studies [53, 69, 73, 75] have shown that boson stars, like fluid stars, undergo
stability transitions only at solutions corresponding to extrema of the asymptotic mass, My, as is
predicted by catastrophe theory. We therefore work under the assumption that all sets of stationary
solutions in the same region (bounded by extrema of M) exhibit similar stability properties. The
results of Sec. serve to validate this assumption for the minimally coupled case. The results
presented in Sec. 4.7.1] are therefore derived from a small number of simulations chosen to be
representative of each region in a given family. Typically, we perform between two and three
simulations for each region.

In our analysis we make extensive use of the Noether charge as a stability diagnostic rather
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than using matter fields or metric functions. Given , we see that the Noether charge is a
derived quantity, tied tightly to both the metric functions and bosonic matter fields. As such,
any changes to those fields are immediately reflected in the Noether charge, making it an ideal
quantity for monitoring stability and for comparing the form of excited modes to those predicted
by perturbation theory.

4.6 Linear Perturbation Theory

Proceeding in standard fashion, we decompose the perturbed solution, f(¢,7), into a stationary
component and an integral over Fourier modes:

f(t,r) = fo(r) + / - f(r,B)etdp. (4.46)

We substitute f(¢,7) = fo(r) + €4 f(r)e’* into the equations of motion and expand to linear order
order in e. By doing so, we reduce our system of PDEs to a system of ODEs that represents
the growth rate of various modes and that constitutes an eigenvalue problem in $2. In general,
this system cannot be solved for all values of 3? while retaining conservation of our conserved
quantities; for most values of 32, the solution obtained implies that the integral of the various
conserved quantities is time dependent. For those countable number of modes that do satisfy the
requisite boundary conditions for the conserved quantities, those with 52 > 0 will be stable while
those with 3% < 0 will be unstable.

Following Gleiser and Watkins [53], we transform to a set of variables (u(t,r), v(t,r), ¥r(t,7),
Yr(t,r), ¢(t,r)) defined by:

a=e?, (4.47)
o =e'tn/2, (4.48)
U= e " (Yr + i), (4.49)
b = ¢ (4.50)

The derivation and final form of the perturbation equations have been relegated to Appendix
due to their significant complexity.

4.6.1 Solution Procedure

Even in the minimally coupled case, finding solutions to f proves to be quite challeng-
ing. Examination of the regularity conditions at the origin reveals that the appropriate degrees
of freedom in the problem are given by 82, §w%gr(r)|r=0, 691 (r)|r=0 and 8,0¢(7)|.=¢. Due to the
linearity of the problem, we are free to set 0¢)g(r)|,=o = 1 and the equations therefore constitute an
eigenvalue-boundary value problem in the remaining degrees of freedom. In general, for inexactly
chosen boundary values and 2, the matter and metric functions may only be integrated to a finite
distance from the origin before the solution becomes pathological. As such, we cannot use, for
example, gradient descent techniques to tune these parameters and instead turn to an iterative
shooting method [107].

We expect that each successive mode of solutions to f will develop an additional
node in each of the field variables. Correspondingly, we choose a trial value of 32 (manually due
to the difficulty encountered automating the process) and set d¢(r) = 0. Once the fields have
been initialized, we shoot on §v7(7)|,—¢ for d¢ g and 017 holding d¢ fixed until the bosonic fields
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4.6. Linear Perturbation Theory

are well behaved far from the origin. We then fit a decaying tail to di¢; and d;, and shoot on
0r(00)|r=0 holding the bosonic fields fixed. This shooting procedure is repeated several times until
approximate convergence is achieved. Finally, we examine § N, and adjust 52, repeating the entire
shooting procedure until a solution is found with 0Ny, & 0 to within tolerance (typically 0.05 of
the maximum value of N (r) is sufficient). This process of determining initial data in compactified
coordinates z is summarized in Algorithm

Algorithm 3 Iterated Shooting Procedure
initialize background fields on the compactified grid =
initialize d¢(x) to 0
initialize 0y r(z) and d¢7(x) to 0
while d Ny, > 0 do

choose (2

while solution non-convergent do
hold d¢(x) fixed
shoot for d1r(x) and dv7(x)
fit tail to dyyp(x) and d¢;(x)
integrate dv(x),0u(x) and IN to
asymptotic region

hold Y r(x) and 671 fixed
shoot for d¢(x)
fit tail to do(z)
integrate Jv(x),du(r) and ON to
asymptotic region
end while
end while

Upon achieving the desired tolerance, the approximate solution is used as an initial guess for a
boundary value problem solver based on the collocation library TWPBVPC [84]. If the initial guess
is sufficiently close to the true solution, the solver converges quickly, resulting in a solution which is
accurate to within tolerance (typically 107'2 or better). By slowly adjusting the central amplitude,
(0), of the stationary solution and using the previous solution to the perturbative equations as
an initial guess, we can use the process of continuation to investigate the development of the mode
throughout a branch of a family. E|

As discussed in Sec. 4.5, we only perform 2 or 3 evolutions per region to assess dynamical
stability. In contrast, the process of continuation gives a much more comprehensive view of the
mode structure within a region. By repeating this procedure on every branch and near every
extremal point of My, (including discontinuities), we can achieve an accurate picture of the mode
structure of the family under investigation.

Note also that, due to the presence of asymptotic shells of matter which are present in some
of these solutions, traditional shooting techniques may fail to adequately resolve the perturbed
boson fields. The inability of double precision shooting to provide an adequate initial guess to the
TWPBVPC based solver may be resolved, to some degree, through the use of extended precision

4From a technical perspective, it is worth noting how the 32 eigenvalue is incorporated in TWPBVPC. Follow-
ing [82], we implemented the $? eigenvalue as an additional field satisfying the trivial equation 9, (8%(x)) = 0.
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integrators or through the use of our multi-precision shooting method [107]. Even then, we find
that perturbative solutions in the presence of an asymptotic shell are quite difficult to find without
the aid of continuation.

4.6.2 Convergence

As with the dynamical evolutions, we verify the convergence of our perturbative solutions via
an independent residual convergence test. In this case, as in [107], care must be taken when
computing these residuals due to the method by which TWPBVPC determines solutions. By
default, TWPBVPC attempts to minimize solution error with a deferred error correction scheme
that uses a combination of high order discretizations and allocation of additional grid points in the
vicinity of poorly resolved features. Although these properties are invaluable for producing high
quality solutions, they serve to increase the effective resolution and convergence order of a solution,
making independent residual convergence difficult to verify. Consequently, Fig. demonstrates
the convergence of our collocation code with deferred error correction disabled.
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Figure 4.6: Convergence of independent residuals for dA from family p; for a stable mode corre-
sponding to ¥(0) = 0.030 and $% ~ 3.21 - 1075. Here we plot the scaled residuals of the metric
function evaluated on grids of 2049, 1025 and 513 points using a second order finite difference
scheme for the independent residual evaluator. With the scaling given in the figure, overlap of the
curves implies second order convergence.

4.7 Results

Section [4.7.1] presents the results of our dynamic simulations and summarizes the regions of stability
found for the families of Table Section. 4.7.2 summarizes the results of our perturbation theory
analysis for families p; and ps. We derive a more complete picture of the modal structure for these
families and provide important insight into the stability of other families of initial data. Finally,
Sec. compares the results from dynamical simulations and perturbation theory for family p1,
demonstrating the broad equivalence of the two methods.
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4.7.1 Dynamical Simulations

Using slightly perturbed stationary solutions as initial data, 2 or 3 long time simulations for each
region of each family in Table [4.1 were performed and the growth of perturbations in N, WU* &,
a and « were monitored. Simulations exhibiting collapse, dispersal or non-stationary remnants
were deemed unstable. Conversely, those showing oscillation about the stationary solutions with
an oscillation magnitude set by the size of the initial perturbation were deemed stable. Again, we
assume that the stability properties of all configurations in a given region are the same but perform
a minimal validation of this assumption by performing at least 2-3 simulations per region.

In the interest of minimizing errors originating from our use of a dissipative second order code,
these representative simulations were performed only near the centers of regions, fairly distant in
parameter space from turning points of the mass and from branch jumps. In the case of regions
with asymptotic shells, we concentrated our simulation efforts on areas where the d-stars were
reasonably compact. In doing so, it was possible to uniformly excite modes and ensure that the
light-crossing times for the compact objects were much less than the simulation time.

Figures 4.7 are composite plots showing both the asymptotic mass, My, and maximum
compactness, Ciax as a function of boson star central amplitude for the families listed in Table
Regions highlighted in gray are stable under small radial perturbations while regions outside the
gray shading are unstable. The data points plotted here are drawn from our calculations of sta-
tionary solutions, not the much more sparsely sampled dynamical simulations. As noted above,
the stability of each region was determined using far fewer simulations than there are points on the
graph.

Special attention should be paid to Fig. which shows the asymptotic mass, maximum com-
pactness and regions of stability for the case of the mini-boson star. For mini-boson stars themselves,
it is the region before the first turning point in the mass that is stable [53, 73]. In all d-stars in-
vestigated, the stable region, when it exists, corresponds to the region immediately before the first
turning point on the final branch (where ¢(0) assumes its largest values). Since we have previously
shown that this final branch has no shells of bosonic matter far from the origin [107], we find that,
for all families of d-stars so far investigated, regions of stability are confined to boson-star-like
branches without asymptotic shells.
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Figure 4.7: Combined asymptotic mass and maximum compactness plot for the family of mini-
boson stars (minimally coupled boson stars in the absence of a global monopole). The region of
stability is denoted in gray. Dashed lines show turning points of the mass.
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Figure 4.8: Combined asymptotic mass and maximum compactness plot for family ¢ (A% = 0.36,
Ag = 1.000, £ = 0, & = 0). The region of stability is denoted in gray. Dashed lines show turning
points of the mass.
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Figure 4.9: Combined asymptotic mass and maximum compactness plot for family d (A% = 0.81,
Ag = 0.010, g = 0, ¢ = 0). No region of stability is found. Dashed vertical lines show turning
points of the mass while solid vertical lines denote boundaries of solution branches. Here and in
the next two plots the bottom panel shows a zoomed-in view of a portion of the data in the top
panel.
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Figure 4.10: Combined asymptotic mass and maximum compactness plot for family e (A% = 0.25,
Ag = 0.001, g = 3, &g = 3). The region of stability is shown in gray. Dashed vertical lines show
turning points of the mass while solid vertical lines denote boundaries of solution branches.
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Figure 4.11: Combined asymptotic mass and maximum compactness plot for family f (A% = 0.49,
Ag = 0.010, (g = 5, &g = 0). The region of stability is shown in gray. Dashed vertical lines show
turning points of the mass while solid vertical lines denote boundaries of solution branches.
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Figure 4.12: Combined asymptotic mass and maximum compactness plot for family g (A% = 0.09,
Ag = 0.010, £ = 0, &g = 5). No region of stability is found. Dashed vertical lines show turning
points of the mass while solid vertical lines denote boundaries of solution branches.
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Figure 4.13: Combined asymptotic mass and maximum compactness plot for family h (A% = 0.08,
Ag = 0.10, &g = —4, ¢ = 5). No region of stability is found. Dashed vertical lines show turning
points of the mass.

Figure 4.14: Combined asymptotic mass and maximum compactness plot for family p; (A% = 0.09,
Ag = 0.04, g = 0, &g = 0). The region of stability is shown in gray. Dashed vertical lines show
turning points of the mass while solid vertical lines denote boundaries of solution branches.
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Figure 4.15: Combined asymptotic mass and maximum compactness plot for family py (A% = 0.25,
Ag = 0.04, £ = 0, &g = 0). The region of stability is shown in gray. Dashed vertical lines show
turning points of the mass while solid vertical lines denote boundaries of solution branches.
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4.7.2 Linear Perturbation Theory

In performing our perturbation theory analysis, we have restricted our investigation of d-stars to
two minimally coupled families of solutions designated as p; and po in Table These families
were chosen for two primary reasons. First, they have relatively simple branching structures (shown
in Figs. and and this simplifies the perturbation analysis. Second, the two families are
very close to one another in parameter space, yet have different numbers of solution branches.
Correspondingly, their analysis yields clues as to how the modal structure changes as we vary
parameters other than the family parameter, 1(0). For comparison purposes, we also include the
results of perturbation theory applied to the case of minimally coupled mini-boson stars.

Plots displaying the modal structure for families p; and po as well as for mini-boson stars
are shown in Figs. 4.16 which plot eigenvalues, 32, as a function of the boson star central
amplitude, 1(0). Stable regions have only modes with 32 > 0 while unstable regions have modes
both with 82 > 0 and 3% < 0. Note that the complete spectral structures are not shown. Rather,
only the first few modes (the least stable) are displayed in each case.
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Figure 4.16: Eigenvalues for the family of mini-boson stars. The modal structure shown here
contrasts with behaviour presented in Figs. for minimally coupled d-stars. Note that at
each turning point of the mass (vertical black dashed lines), a stable mode transitions to unstable.
Here, and in subsequent plots, eigenvalues, 32, are shown as functions of sinh (y/3?) to better display
the overall modal structure: the magnitude of 32 varies greatly so x is chosen on a plot-by-plot
basis to more clearly show the overall behaviour of the eigenvalues.

In Figs. we follow the convention of the previous sections and display the locations
of branch transitions (corresponding to discontinuities in the mass and Noether charge) as black
vertical lines while extrema of the mass are given as black dashed vertical lines. We observe that
stability transitions within a branch occur at these extremal points as predicted by catastrophe
theory [69, 73].

Near the branch transitions, the eigenvalues of many modes appear to become degenerate,
and neither our collocation or evolutionary codes are capable of investigating these regions in much
detail. What is obvious, however, is that there is a well resolved unstable mode which persists across
all but the final branch of families p; and po. The presence of this unstable mode indicates that
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Figure 4.17: Eigenvalues of family p; as a function of the boson star central amplitude, 1(0).
Note the apparent discontinuities in the eigenvalues near branch transitions. In these regions, the
eigenvalues become near-degenerate and our solutions are no longer convergent. Our observations,
however, are consistent with the stable eigenvalues approaching 32 = 0 at the branch transitions.
Note also that there are an infinite number of stable modes in each region; here we have plotted
only the first three.
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Figure 4.18: A more detailed view of the central region of Fig. for family p;. Interestingly, the
central branch is composed of four regions (rather than two), with the first and last corresponding
to shells very far from the origin. Unfortunately, the eigenvalue degeneracy prevents us from
investigating these regions in detail, but it is regardless evident that the unstable modes persist
through these regions (with the potential exception of the very last region where we were unable
to resolve any perturbations).
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Figure 4.19: Eigenvalues of family py as a function of the boson star central amplitude, 1(0).
The additional two branch transitions have split the second branch of family p; into three distinct
regions (see Fig. . Note that the region after the final branch transition is qualitatively very
similar to that of mini-boson stars as shown in Fig. As for family p1, it can be seen that the
central branches exhibit turning points in the mass corresponding to shells very far from the origin.
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Figure 4.20: Expanded view of Fig. showcasing details that were poorly resolved in the original
plot. Our simulation data is consistent with the eigenvalues of the poorly resolved modes approach-
ing 0. As for family pi, it can be seen that the central branches exhibit turning points in the mass
corresponding to shells very far from the origin. Unfortunately, the extreme length scales in these
solutions, coupled with the eigenvalue degeneracy of the stable modes, prevents us from examining
these regions in more detail.

stable solutions exist only on the final branch, in perfect agreement with our dynamical simulations.
The lack of resolution resulting from the eigenvalue degeneracies in the vicinity of the branch
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transitions somewhat complicates the interpretation. We thus present a heuristic argument to
build up a generic picture of the mode transitions. Recall from [107] that each branch transition
before the mass turning point corresponds to the formation of a bosonic shell at infinity. This shell
then migrates inward as the family parameter, 1(0), is increased. Each branch transition after the
mass extrema then corresponds to the disappearance of a bosonic shell at infinity after it migrates
outwards.

In the case of families p; and ps, the first and final transitions can be identified with the
appearance and disappearance of the first shell of matter. For family po, the second and third
transitions can likewise be identified with the appearance and disappearance of a second shell of
matter. As noted above, family py is very close to developing additional branch transitions similarly
to family py. For a marginally larger value of A2, family p; would have a degenerate transition
corresponding to a shell of matter which appears suddenly at infinity and then immediately vanishes
as the family parameter, 1(0), is increased. We can, in fact, see evidence of this behaviour in
Fig. and idealized in Fig. where the eigenvalues of the stable modes dip down towards 0

near the mass extrema.

81



4.7. Results

4 .
— 2 ]
w
g A Vs
g0 —
3)
g
_2 -
_4 | /
T T T T
1079 10~7 10-5 10-3 101 10!

Figure 4.21: Idealized plot of eigenvalues highlighting the underlying structure of family p;. Here we
plot stable modes in black, unstable modes in blue and modes which undergo a stability transition
within a region in orange. Note in particular how in a family “close” to developing an additional
branch transition, the eigenvalues “near” where the transition would develop become increasingly
degenerate.

This degenerate transition would split the transitioning mode into a stable and unstable region
as shown in Fig. . As A? is increased further, the degeneracy is resolved, and we gain a new
unstable mode corresponding to the new shell of matter as shown in Fig. Given that there is
still a mass extrema between the branch transitions, we will additionally have a new transitioning
mode which changes from stable to unstable in accordance to catastrophe theory [69, 73]. The final
picture is then a series of stable eigenvalues between each branch transition joined via unstable
modes in the manner depicted in Fig.
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Figure 4.22: Idealized plot of eigenvalues in the case of a degenerate branch transition. The
transitioning mode has been split into a stable and unstable branch. As before, we plot stable
modes in black, unstable modes in blue and modes which undergo a stability transition within a
region in orange.
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Figure 4.23: Idealized plot of eigenvalues highlighting the underlying structure of family ps. As
A? is increased further relative to pq, the degeneracy of Fig. is resolved, and we gain a new
branch of stable and unstable modes corresponding to the new shell of matter.

4.7.3 Comparison of Methods

Using the method of Sec. we extract the eigenvalues of the most unstable modes of the
dynamical simulations for family p; and plot them against the results predicted by perturbation
theory in the previous section. In Fig. eigenvalues from individual dynamical simulations are
shown as blue circles while the eigenvalues from perturbation theory are shown in red.
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Examining Fig. we can see that the perturbation theory and the dynamical simulation are
in agreement for the majority of the parameter space. An interesting issue, however, arises just
before the final branch. In this region, the dynamical simulations suggest the existence of a stable
oscillatory mode and the absence of the unstable mode found through perturbation theory.
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Figure 4.24: Mass and mode structure for family p;. The asymptotic mass and eigenvalues measured
via perturbation theory are shown in black and red as in Fig. Eigenvalues measured directly
from dynamical simulation are shown as blue diamonds. In the second branch, the blue diamonds
indicating the existence of an oscillatory mode with 82 > 0 do not correspond to any perturbative
mode that we were able to identify.

This discrepancy is likely the result of two confounding factors. The first is that, in the region
under consideration, the growth rate of the modes is extremely small (|5%| < 1-107%) so that the
presence of an excited oscillatory mode could easily overwhelm the signal. If we were to integrate
these solutions for a sufficiently long period of time, it seems likely that it would be possible
to resolve the unstable eigenvalues. Unfortunately, the limited nature of our second order finite-
difference based dynamical code makes maintaining temporal coherence for sufficiently long periods
of time impractical. The second factor is that the oscillatory modes observed in this region are
not purely oscillatory and instead decay slightly with time. As shown in Appendix [B.2, however,
the Hermitian character of this system requires that perturbations are either purely oscillatory or
exponential in character. It seems likely that the oscillatory signals in these regions correspond
to perturbations qualitatively close to those on the final branch which only nearly satisfy (B.23)-
(B.23)).

In addition to comparing the eigenvalues 32, it is possible to compare the profiles of the pertur-
bations directly. Recall that for perturbations near the stationary solutions (for a given stationary
field f(t,7)) we have

ft,r) = folr) +of(r)e ", (4.51)
Ouf < df. (4.52)

As such, we may find an approximation to the Noether charge perturbation by taking the time
derivative of the Noether charge. Doing so for families p; and p2, we find quite good agreement
even for solutions with fairly distant bosonic shells.
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4.8 Summary

We have addressed the question of boson d-star stability and suitability as black hole mimickers
proposed by Marunovic and Murkovic in [83]. Through simulations of a diverse families of initial
data, we have demonstrated that regions of stability, where they exist, are confined to the boson-
star-like final branch of a given family in both the minimally coupled and non-minimally coupled
case.

We have verified this result in the case of minimally coupled families through a fairly compre-
hensive mode analysis of two families of initial data (p; and pg) which are close to one another in
phase space. This analysis supports the results of our dynamical simulations with both perturba-
tion theory and direct simulation being in broad agreement. The only exception to this is in regions
where the magnitude of the unstable eigenvalues are small. Our evolutionary code is ill-suited to
investigate these regions.

We observed how the number of branches and asymptotic shells change as the solid angle deficit,
A2, is changed between these two families. By analysing the differences in mode structure between
families p; and ps we propose a mechanism by which the mode structure changes in response to
the appearance or disappearance of an asymptotic shell of bosonic matter.

Overall, our results are consistent with the interpretation that the highly compact solutions
discovered in [83] are unstable. As a result, these solutions are likely poor candidates for astrophys-
ically relevant compact objects. Finally, we observe that the novel solutions with shells of bosonic
matter far from the origin discovered in [107] are likewise unstable.
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Chapter 5

RCCZ4: A Reference Metric
Approach to Z4

The hyperbolic formulations of numerical relativity due to Baumgarte, Shapiro, Shibata & Naka-
mura (BSSN) and Nagy Ortiz & Reula (NOR), among others, achieve stability through the effective
embedding of general relativity within the larger Z4 system. In doing so, various elliptic constraints
are promoted to dynamical degrees of freedom, permitting the advection of constraint violating
modes. Here we demonstrate that it is possible to achieve equivalent performance through a mod-
ification of fully covariant and conformal Z4 (FCCZ4) wherein constraint violations are coupled to
a reference metric completely independently of the physical metric. We show that this approach
works in the presence of black holes and holds up robustly in a variety of spherically symmetric
simulations including the critical collapse of a scalar field. We then demonstrate that our formula-
tion is strongly hyperbolic through the use of a pseudodifferential first order reduction and compare
its hyperbolicity properties to those of FCCZ4 and generalized BSSN (GBSSN).

Our present approach makes use of a static Lorentzian reference metric and does not appear
to provide significant advantages over FCCZ4. However, we speculate that dynamical specification
of the reference metric may provide a means of exerting greater control over constraint violations
than what is provided by current BSSN-type formulations.

5.1 Introduction

The formulations of numerical relativity based on the Baumgarte, Shapiro, Shibata & Nakamura
(BSSN) decomposition achieve strong hyperbolicity and stability by performing a partial embedding
of general relativity (GR) within the larger Z4 system [9, 63, 116]. In this paper we demonstrate
that the Z4 system is not uniquely suitable for this purpose and present an alternative formulation
of GR that is also well suited for numerical relativity. This formulation is based on an alternative
embedding of GR and holds up well in a variety of simulations in spherical symmetry including
those of black holes with puncture initial data as well as in the critical collapse of the massless
scalar field. Additionally, we show that our new formulation is strongly hyperbolic and, in fact,
has the same principal symbol as fully covariant and conformal Z4 (FCCZ4).

The Z4 formulation takes its name from the introduction of a four vector, Z,, to the Einstein
equations,

1
Ry +2Y(,Z,) — 87 (T,W - 2gWT> =0. (5.1)

In the context of general relativity, the evolution of this system acts to advect and/or damp viola-
tions of the Hamiltonian and momentum constraints. In the limit Z, — 0 we recover GR [26].

If we examine formulations such as NOR [90] and generalized BSSN (GBSSN) [37] in detail, we
find that they are essentially minor variations of Z4-derivable formulations in which the temporal
component of Z, is not evolved and substitutions or additions of the Hamiltonian and momentum
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constraints have been made [9-11, 47, 63, 116]. The case could also be made that the equations of
motion of Z4 formalisms arise naturally while those of NOR and GBSSN come from experimentation
to achieve stability and strong hyperbolicity.

In that same spirit of experimentation, we note that if we assume the Einstein equations are
very nearly satisfied, such that their violation is contained in a tensor, F,,,:

1
GE}U/ =8 (T;u/ - 29uuT> - Rw/v (52)

where € < 1, then the Z4 equations (5.1) may be written as
V., Zy+ V2, = B, (5.3)

with trace given by
1
V2" = §6EMM' (5.4)
Taking the divergence of (5.3) and using the commutator of covariant derivatives, we find

07 = -V, V" Z! + Ve B, (5.5)
— V'V, Z" + R",Y . 2% + eV ,E"

1
— ¢ (—QV”EM“ + VME’“’> — R,V Z".

Heuristically, Z,, evolves according to some complicated wave equation on g,,,, which is sourced
by the deviation from the Einstein equations. This is desirable since it means that Z, has charac-
teristics with magnitude ~ 1 on g,,, when € is small and g, is not too curved. In the presence of
significant curvature, however, the picture is less clear and we note that we have completely ignored
the backreaction of Z,, on E,,, .

If we modify the Z4 formulation such that Z, is no longer directly coupled to the physical

metric, and is instead coupled to some other metric g, with associated connection V,;:

VuZy+ V2, =8 (TW - ;gWT) — Ry, (5.6)
we find,
VuZy+ V2, = €E, (5.7)
with trace:
V2 = e (5.8)

Here, variables accented with “o” have had a covariant tensorial index raised with g#”. Taking the
divergence of (5.7), we find:

O2Y = =V, NV ZF 4V e (5.9)
= VYV I 4 R 20+ eV, M

1o ol o o o o
— ¢ (—2V”EM + qu#”> — R, Z".
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As such, if we choose g, so that }OEW vanishes, we might expect 7" to propagate with speed ~ 1
on §,, when e is small, regardless of the curvature of g,,. In what follows, we expand upon this
idea and present a formulation of the Einstein equations based on a flat, time-invariant reference
metric which yields a system which performs very similarly to the standard GBSSN [9, 37] and
FCCZ4 [116] formulations. Further work with dynamical specification of the reference metric may
allow for more fine-grained control over constraint damping and stability properties.

In Sec. we give a brief derivation of our formulation; a more detailed derivation may be
found in Appendices and Section introduces the equations of motion for the GBSSN
and FCCZ4 formulations of numerical relativity which we make use of in our various comparative
analyses. In Sec.[5.4) we compare the performance of our formulation with FCCZ4 and GBSSN in a
variety of numerical tests including strong field convergence testing, simulation of black holes and
the critical collapse of the scalar field in spherical symmetry. After demonstrating that the method
works in spherical symmetry, we shift gears and analyse the hyperbolicity of our approach: Sec.
sees us derive the conditions under which our method is strongly hyperbolic and examine how
it compares to both GBSSN and FCCZ4. Finally, in Sec. we present our conclusions and
suggestions for future research into related formulations of numerical relativity.

5.2 Derivation of RCCZ4

We begin with the Z4 equations coupled to a reference metric as in , which we refer to as
reference metric Z4 (RZ4), with the aim of developing an ADM decomposition equivalent of the
system. Once we have this initial value formulation, we perform a decomposition similar to GBSSN
or FCCZ4 in terms of a conformal metric and conformal trace-free extrinsic curvature, arriving
at reference metric covariant and conformal Zj (RCCZ4). Again, more details are provided in
Appendices and [E.2,

Using standard notation in which n* is the unit normal to the foliation in a 341 decomposition,
a is the lapse, 8¢ is the shift and 7i; is the induced 3-metric on the foliation, the RZ4 equations
(with damping parameters k1 and x2) may be written in canonical form as:

1 . .
Ry = 59 R+ 2V, Z0) = 90V (29" = i [Qn(MZV) + @gwngzﬂ — 87T, =0.  (5.10)

Equivalently, the trace reversed form is:
° 1
R’w, + QV(MZ,/) — 87 (TMV — 29uvT> — K1 [QH(NZV) — (1 + /432) anUZU} = 0. (5.11)

Taking the trace (with respect to g"¥) of (5.11)) yields:
R+ 2V, Z,)g" + k1 (2 + 4rko) n, 2 + 87T = 0. (5.12)

From here we roughly follow the ADM derivations of [5, 54] and take projections of (5.10)—
onto and orthogonal to the spatial hypersurfaces which foliate four dimensional spacetime
in a standard 3+1 decomposition (see Appendix .

The majority of our work has been focused on critical collapse where we expect solutions to
span several decades of length scales. In such a context, choosing a preferential length scale through
the introduction of dimensionful damping parameters is liable to be counterproductive. In what
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follows, then, we set k1 = k2 = 0 in (5.10)—(5.12) yielding the simpler set of equations:

1 o o
Ryw = 50 R+ 2V (uZ,) = 9wV (aZ5) g*? — 87T, =0, (5.13)
. 1
Ry +2V(,Z,) — 87 <TW — ZQWT> =0, (5.14)
R+2V(,Z,)g" + 81T = 0. (5.15)

We have considered only the simplest case where g,,,, is a time-invariant, curvature-free Lorentzian
metric with g = —1, §; = 0. With these restrictions, projection of (5.13)—(5.15) yields the ADM
equivalent of the RZ4 equations:

»Cm’}/ij = —QOéKZ'j, (516)
L‘mKij = —DZ'DjOz + « (Rij + KKij — QKikKkj> +4ra ([S — p] Yij — QSZ‘J') + Q(Xlo)uzj), (5.17)
(6%

LnmZi = a (D;K7; — DiK — 87j;) — 2Z;D;8 + ©Dia + aD;0, (5.19)

.. .. O — Z . . O .
Ln® = 5 (R+ K? = KiK' = 167p) + 0y DiZ; - gﬁma + 2 (Lnp - PD;B), (5.18)

where £, = 0; — L and the quantities © and Z; are defined as,

O =—n,zZ", (5.20)
Zi =+*2,, (5.21)
7' =~47;. (5.22)

Once again, we direct readers to Appendix for a more detailed derivation.

In order to cast f in a form better suited to evolving generic spacetimes, we perform
the same covariant and conformal decomposition that we would for GBSSN and FCCZ4. We rewrite
the 3-metric, 7;;, and extrinsic curvature, Kj;, in terms of the conformal factor, , the conformal

metric, 7;;, the trace of the extrinsic curvature, K, and the trace-free extrinsic curvature A;;:

vig = €X%ij, (5.23)
~ 1.
We also define the quantities Al jk and A in terms of the difference between the Christoffel symbols
of 4i; and those of a flat background 3-metric 7;;: the latter is chosen to coincide with the spatial
portion of 7,

I = T 57k, (5.25)
Aljp =T =T, (5.26)
AP =T — T 47", (5.27)

Additionally, we define the quantity A? which plays the same role as the conformal connection
functions in BSSN [9] and FCCZ4 [116]:

17;, (5.28)
(Zv‘ - AZ’) e (5.29)
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Finally, adopting the Lagrangian choice for the evolution of the determinant of the conformal
metric:

o5 =0, (5.30)
and defining the quantity O in terms of O, a, Z; and B
0 =a6 - B'Z, (5.31)
we find the RCCZ4 equations of motion:
Loy = —éaK + éf)mﬁm, (5.32)
LK = —D2%a+a (R + K2+ 299D Z; + A (S — 3p)> : (5.33)
£,0 = a; <R — Ay A 4 §K2 —16mp + 272'1132-2]-) — B (511")]-2, + i’)jé) (5.34)

. ~ 2~
—af (D,Alj — DK - 87rjj> :

~ ~ 2. ~
Lnij = —2aA;j — g%’ijﬁm, (5.35)
~ o — TF ~ ~ ~
EmAij — e X [*DiDjOé + O[Rij — 87TOéSij + QOéD(lZJ)] + o (KAU - 2AikAkj) (536)
20~
- gAileﬁl»
~ . o o . ~ . ~ ~ ~ . 1 ~ .~ 2 ~ .~
L' = 5" Dy D3 = 24" Dpv + 2 4™ Al + 2 D' Dy 3" + 2 A" Dy " (5.37)
— ~ .. Ny Y 1 ~ . ~ . ~ .~ .. (e} — — o
+ 4o (ZjAU +3A"Dyy — ngK — 47Tj1> +2D'© + 2% (51 D;Z — Zleﬁl> ,
— ~ 2 ~ — o [} — [} ~
LonZ; = [DlAli — §D1K — 87Tji:| — ZlDiﬁl + ﬁlDiZl + D;0. (5.38)

Here, either Z; or Ai may be viewed as the dynamical quantity associated with the momentum
constraint violations and all quantities denoted by a tilde are raised and lowered with the conformal
metric. “TF” denotes trace free with respect to the 3-metric 7;; and the Ricci tensor may be split
into scale-factor and conformal parts as

Rij = Rij + RY;, (5.39)
with
~ 1 o o ~ ~ o ~ ~ ~ ~ ~ ~ ~
Rij = _5 NmanDn’Yij + ’Ym(zDJ)Am + AmA(U)m + 2Amn(lA])mn + AmniAmnj, (540)
RY; = ~2D:Djx — 23 D* Diox + 4DixDjx — 473 D*x Dix. (5.41)

Note that the equations of motion for ©, 1 , and Z;, 1} are essentially sourced by
violations of the Hamiltonian and momentum constraints respectively. In terms of the conformal
decomposition these constraints then take the form

1 2 R
H= <R + §K2 — AijA“) — 87p, (5.42)
) ~ o~ 2 ~ ~.
M= e % (DjA” -3 V9D, K +6A"Djx — 87er> . (5.43)
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5.3 FCCZ4 and GBSSN Equations of Motion

In testing the viability of RCCZ4 as a formulation for numerical relativity, we make use of the
formulation of FCCZ4 due to Sanchis-Gual et al. [116] along with the formulation of GBSSN by
Brown [36] as presented by Alcubierre and Mendaz [9]. In our notation, the equations of motion
for FCCZ4 are:

1 1~
Lyx = —EOZK + BDm,Bm, (5.44)
LK =-D?a+aR+a(K?-20K) +2aD;Z" + 4ma (S — 3p), (5.45)

~ o~ 9 _. _.
£,,0 = % <R — Ay AU 4 gK2 — 20K +2D;Z' —2Z'D;lna — 167Tp> , (5.46)
N v 2.~

LnYij = —20A;5 — g%‘ijﬁm, (5.47)

~ 2~ o~ ~ _ _

LmAyj = =3 Ai D™ + adij (K = 20) + e X [=D;Dja + o (Ri; + 2D, Zj, (5.48)

TF ~
— 877'51']‘)} — QOéAikA 7
. [e] o . 2 ~ .~ 1 ~ .~ ~ . ~ ~ ~ . ~ .
LnRi = 77 Dy D' + SR Dy " 4 D' Dy " — 2% (Dkoz . 6aDkx) +20ATATL (5.49)
4 ~. . ~ ~ 2 _ g
— gaDzK + 2")7”C <O¢Dk@ —ODpa — 3OCKZk> — 1671'04’?]']']',
_ ~. ) o~ 9 .

LmZ;=o (DA = SDiK + Di© — ODiIna — 22,47 — 27K — 87ji | (5.50)

where, as with RCCZ4, either Z; or Ai may be viewed as the fundamental dynamical quantity and
the two are related via

N = A 42597, (5.51)

The equations of motion for GBSSN, meanwhile, are:

1 1~
Lx = _6aK + gDm,@m, (5.52)
o1
LK =—-D*a+« <AijAl‘7 + 3K2> +dra(p+5), (5.53)
~ ~ 2.
Em’Yij = —20[1413 '71] mﬁ ) (5'54)

~ 2~ ~ ~ ~ o~
»CmAij = 674X [—DiDjOé + aRij - 87TaSZ'j]TF - gAmDm,Bm + « (KAU — 2AikAkj) s (5.55)
~ . o o . ~ . ~ N . N 2 R ~ .
LA =3 D, D, 3" — 2A™ D, + 2« <6A”Djx — g»WDjK — 877]") (5.56)
lr~: 7/~ ~~ ~ ~
+< [DZ (Dn6”> + zAanﬁn} t2aAmnAl

where we note that we have replaced the usual variable A’ with A? for notational consistency when
comparing to FCCZ4 and RCCZ4 Note that in the evaluation of GBSSN dynamical quantities Al
is substituted for A’ such that becomes

~ 1 o o ~ ~ ~
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5.4 Comparison of GBSSN, FCCZ4 and RCCZ4

This section presents the results of three strong field tests that compare RCCZ4 to FCCZ4 and
GBSSN in spherical symmetry using a massless scalar field matter source. In Sec. we investi-
gate the convergence of each formalism for subcritical initial data on uniform grids. Sec. then
studies the relative performance of each method in simulating black hole spacetimes with puncture
initial data [5, 59]. Finally, Sec. investigates the performance of each formalism in the context
of critical collapse, where we tune to the threshold of black hole formation using adaptive mesh
refinement (AMR).
For all investigations, we work in spherical symmetry with conformal spatial metric, 7;;,

ga(t, ) 0 0
Yij = 0 rgt,r) 0 , (5.58)
0 0 r2sin Ogy(t, r)
unit normal, n*, to the foliation,
1
nt = S (1 —rBa(t,r) 0 0], (5.59)
trace-free extrinsic curvature, ﬁij,
_ Aqa(t,r) 0 0
Alj = 0 Ab(t, 7“) 0 5 (560)
0 Ap(t,T)
stress tensor, Sij,
' Sa(t,r) 0 0
Sty = 0 Sy(t,r) 0 ) (5.61)
0 0 Sb(t, 7“)
momentum density, j¢,
i' = [rja(t,r) 0 0], (5.62)

conformal connection functions A" and A’,

Al = [rﬁa(t,r) 0 0] , (5.63)

= [rfxa(t, "0 o} : (5.64)
and spatial projections of Z,,,

Zi = [rZy(t,r) 0 0]. (5.65)

We take a massless scalar field, ¥(t,r), with stress-energy tensor,

1
T = Vi Voth = S0 Vi V'y, (5.66)
as our matter model.
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The equations of motion are found through application of the results of Secs. and 5.3l In
order to regularize the equation of motion in the vicinity of black hole punctures, we evolve the
regular quantity X = e~2X in place of y. As defined above, all of a, Ba, ga, gb, X, ﬁa, jb, K, Aa,
A4, ©, Z,, p, 3a, S, S, and S are even functions of r as 7 — 0 and the following identities hold:

1

9a = 5>
a gg

A, = —2A4,. (5.68)

(5.67)

5.4.1 Convergence and Independent Residual Tests

We validate our evolution schemes and code through the use of independent residual convergence
and by monitoring the convergence of various constraints. All tests are performed for marginally
subcritical initial data so that slightly stronger initial data would result in black hole formation.

Our code is implemented as a simple second order in space and time Crank-Nicolson solver
using a uniform grid in r and ¢t with fourth order Kreiss-Oliger dissipation [72] applied at the
current and advanced time levels. The code is built on PAMR [102] and AMRD [101] and supports
AMR in space and time using the Berger-Oliger approach [24]. Grid function values at refinement
boundaries are set via third order temporal interpolation.

Our independent residual evaluators take the form of alternative discretizations of the ADM
equations applied to our computed solutions. The application of an alternative discretization helps
ensure that our evolution scheme is free of subtle flaws while our use of the ADM equations (as
opposed to GBSSN, FCCZ4 or RCCZ4), aids in demonstrating convergence to GR rather than
some other differential system.

Returning to the specific calculations performed in this subsection, the initial data is taken to
be time symmetric with the massless scalar field, 1, set according to:

$(0,7) = ae~ ("0’ /0%, (5.69)
0 (0,7) = 0. (5.70)

Specifically, for our testing we have taken a = 0.035, 0 = 2 and rg = 12 so that, as mentioned
above, we are in the subcritical regime but relatively close to the critical point of a &~ 0.0362. The
dynamics are therefore non-linear, span several orders of magnitude, and are far from trivial. Initial
data for the conformal factor, X = e~2X, is determined by solving the Hamiltonian constraint on
a finite grid where X is assumed to behave as 1 + a/r at the outer boundary. This grid is sized
so that errors at the outer boundary are unable to propagate into the region of interest during the
course of the convergence testing.
Our simulations are run with generalized 1+log lapses and a Lambda driver shift given by

O = 20K, (5.71)
O = —2a (K —20), (5.72)
B = —2a (K - 2(3)) , (5.73)
3 ,
Oup’ = SO 20,5, (5.74)

where , and are the slicing conditions used for GBSSN, FCCZ4 and RCCZ4,
respectively.

Figures demonstrate convergence of the Hamiltonian and momentum constraints for
each of GBSSN, FCCZ4 and RCCZ4. In each figure, the dashed lines show norms evaluated on a
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r = [0, 64] grid at fixed resolutions of 1025, 2049 and 4097 points, respectively. For each simulation,
and prior to the evaluation of their norm, the constraints are interpolated to a uniform grid of
fixed resolution. This enables direct comparison of the convergence rates among the simulations.
In each figure, the solid color denotes an AMR simulation with a per-step error tolerance of 10™4
which has been interpolated to the same uniform grid used for the unigrid simulations. In these
figures, a factor of 4 difference in the independent residuals or constraint maintenance between runs
which differ by a factor of 2 in grid spacing indicates second order convergence. The AMR runs
are observed to remain well within the convergent regime for all simulations for each of GBSSN,
FCCZ4 and RCCZ4.

|| H ]

[|M7|

Figure 5.1: Iy norms of the Hamiltonian and momentum constraint violations for the GBSSN
formulation. Simulations are shown for fixed resolutions (dashed lines) of 1025, 2049 and 4097
points. Results from an AMR simulation with a relative local error tolerance of 10~ are shown as
the solid colored lines. The AMR simulations are well within the convergent regime.

Figs. 5.4 show the performance of each formalism relative to one another. The simulations
are run at a resolution of 4097 grid points on a grid which extends to r = 64 (corresponding to the
most refined unigrid run of Figs. . We choose the domain on which the norms are evaluated
such that signals have not had sufficient time to propagate from the outer boundary (which is
set assuming X = 1 + a/r for some value a) into the domain of interest. It should be stressed
that for all of the norms plotted in Figs. [5.4H5.7, the solutions are well resolved. The significant,
and previously studied, improvements of the FCCZ4 method over GBSSN [47] in maintaining the
Hamiltonian constraint and independent residuals is a real effect which is present even at high
resolutions.

5.4.2 Evolution of Black Hole Spacetimes

In order for RCCZ4 (or a to-be-developed formalism based upon similar principles) to be competi-
tive with GBSSN or FCCZ4 in the domain of strong field numerical simulations (which frequently
involve singularities), it first needs to be capable of stably evolving black holes. Here, we show
that with minor modifications to the standard 1+log and Delta driver gauges, RCCZ4 in spherical
symmetry is at least as capable as FCCZ4 for the evolution of black hole space times.
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Figure 5.2: Iy norms of the Hamiltonian and momentum constraint violations for the FCCZ4
formulation. Simulations are shown for fixed resolutions (dashed lines) of 1025, 2049 and 4097
points. Results from an AMR simulation with a relative local error tolerance of 10~* are shown as
the solid colored lines. The AMR simulations are observed to be well within the convergent regime.
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Figure 5.3: l2 norms of the Hamiltonian and momentum constraint violations for the RCCZ4
formulation. Simulations are shown for fixed resolutions (dashed lines) of 1025, 2049 and 4097
points. Results from an AMR simulation with a relative local error tolerance of 104 are shown as
the solid colored lines. The AMR simulations are well within the convergent regime.

We start with standard time symmetric, black hole puncture initial data [5, 54] given by:

X = (1 + JQ\Q_Q, (5.75)
a= (1 + 2{)4 , (5.76)
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Figure 5.4: ls norm of the Hamiltonian constraint violation for the case of strong field initial data
for each of GBSSN, FCCZ4 and RCCZ4. The difference between RCCZ4 and FCCZ4 is largely due
to a more pronounced outgoing pulse of constraint violation (which leaves nearly flat space in its
wake) while the large static constraint violation of GBSSN is concentrated at the origin and leaves
behind a metric that does not appear to be a valid solution to the Einstein-scalar equations.
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Figure 5.5: ls norm of the momentum constraint violation for the case of strong field initial data
for each of GBSSN, FCCZ4 and RCCZ4. Not surprisingly, the performance of the three methods
is largely equivalent as they are all designed to advect away the momentum constraint violation.

(5.77)
(5.78)

The simulations are performed on large grids (r = [0,128M] with M = 4) which are further
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Figure 5.6: Il norm of Z, = ga(IN\T - &T) /2 for the case of strong field initial data for each of
GBSSN, FCCZ4 and RCCZ4. As in the case of the Hamiltonian constraint, the GBSSN errors
are concentrated at the origin where the curvature takes on its largest values. This error remains
essentially static save for the mitigating factor of dissipation. At this resolution, FCCZ4 preserves
the constraint about 100 times better than GBSSN while RCCZ4 improves upon this by a further
factor of ~ 3 or so at late times.
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Figure 5.7: ls norm of the independent residual evaluator for Kj. At late times, as the solution
should be approaching flat space, RCCZ4 has better performance than either FCCZ4 or GBSSN.

refined via fixed mesh refinement (FMR) E| The sizes of the fixed refinement regions were determined

SFor these tests we wanted to have as little contamination from imperfectly specified boundary conditions as
possible while performing long term evolutions. Correspondingly, we placed the outer boundary at » = 128 M and
evolved until t = 64M. All results presented are evaluated on the portion of the spatial domain between the horizon
and r = 8M.
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by first evolving the initial data with adaptive mesh refinement. At the conclusion of this AMR
run, each level of refinement had a maximum extent and that maximum extent then defined the
limits of the corresponding level of refinement for the FMR calculations. In the simulations, the
use of mesh refinement serves several purposes. First, it reduces the computational load for high
resolution simulations. Second, it allows us to verify the compatibility of our implementation of the
GBSSN, FCCZ4 and RCCZ4 formalisms with AMR. Third, by using fixed (as opposed to adaptive)
mesh refinement, we eliminate complications caused by each formulation employing slightly different
regridding procedures. This, in turn, facilitates the analysis of convergence properties. Table
shows the extent and refinement ratio of each grid used for the black hole simulations.

We note that the quantities Z; and © are effectively error terms which serve to propagate
violations of the momentum and Hamiltonian constraints and that they tend to grow in the vicinity
of refinement boundaries. As such, we find that is is best to either evolve Ai (rather than Z;) or
to omit © and Z; from the truncation error calculation used to determine the placement of refined
regions.

Level 7min  Tmax hg h% h% hf?
1 0 512 8 4 2 1
2 0 512 4 2 1 27!
3 0 256 2 1 271 272
4 0 256 1 271 272 92-3
5 0 128 271 272 273 9o+
6 0 64 272 273 274 275
7 0 32 273 274 275 9276

Table 5.1: Parameters for the meshes in fixed mesh refinement convergence simulations. The fixed
mesh refinement simulations use a total of 7 refinement levels as labeled in the first column. The
extent of each mesh is displayed in columns 2 and 3 (7 and ryax). The grid spacings for the lowest
resolution simulation are shown in the fourth column (h?). Each of the final three columns (h}, h?
and h3) give grid spacings for progressively higher resolution simulations. As an example, the 6"
refinement level (Level 6) has a spatial extent of » = (0, 64). For the most resolved simulation (h3),
the grid spacing on that level is 27°.

Figures [5.8 show the evolutions of a, " and X as well as the coordinate location of the
apparent horizon (Opey = 0). As is well known [7, 9, 36, 59, 62, 121], puncture type initial data
evolves towards a trumpet like spacetime and performs a form of automatic excision in the vicinity
of the puncture. In this region, the evolved and constrained quantities do not converge.

The convergence of the [l norms of the various constraints in the region external to the apparent
horizon (r = [ram,8M]) and for each formalism are shown in Figs. The dashed lines
show simulations with h, = hY, h, = h! and h, = h? while the solid color denotes the most resolved
h, = h3 simulation. Fig. compiles the highest resolution runs of Figs. and permits a
direct comparison of the implementations. Independent residuals behave similarly and so have not
been plotted.

Examining Fig. we see that for a stationary black hole GBSSN is favoured over either
FCCZ4 or RCCZ4. For a simulation where we are concerned with computing the constraint viola-
tion external to the apparent horizon, this makes intuitive sense: the formulation which does not
propagate Hamiltonian constraint violations away from punctures or grid refinement boundaries
should produce superior results when the fields are nearly stationary. However, as shown in [63], for
more dynamical situations we should not expect superior performance from BSSN-type simulations.
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Figure 5.8: Evolution of a and 8" from t = 0 to t = 64M = 256. The initial puncture type initial
data quickly evolves towards trumpet type data with a going as r as opposed to 2 at the puncture.

1.0

> 0.5

Figure 5.9: Evolution of X and Oy, from t = 0 to t = 64M = 256. The initial puncture type
initial data quickly evolves towards trumpet type initial data with X going as r as opposed to r? at
the puncture. As can be seen in the graph of O, the coordinate location of the apparent horizon
(where Opo, = 0) increases slowly with coordinate time.

As noted in Fig. the errors in the momentum constraint (and Z,.) for FCCZ4 appear to
be dominated by the development of artifacts at the mesh refinement boundaries. Doubtless, these
issues could be mitigated with proper attention. The relatively poor performance of FCCZ4 in
comparison to GBSSN and RCCZ4 in these simulations should therefore not be seen as a short-
coming of the method, but as an issue arising from our demand that the methods be compared via
runs with identical parameters. Taking this into account, we see that at early times (before the
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Figure 5.10: I3 norms of the Hamiltonian and momentum constraint violations for the GBSSN
formulation. Each successive line denotes a factor of 2 grid refinement. The solid line denotes the
most refined simulation.
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Figure 5.11: Iy norms of the Hamiltonian and momentum constraint violations for the FCCZ4
formulation. The errors in the momentum constraint appear to be dominated by artifacts that arise
at the mesh refinement boundaries. Our GBSSN and RCCZ4 simulations used identical parameters
and neither experienced the same sort of issues arising at the mesh refinement boundaries. Rather
than attempting to find more optimal parameters which could resolve these issues at the cost of
preventing direct comparison with GBSSN and RCCZ4, the simulation is left as-is and we note that
it would almost certainly be possible to find better parameters for FCCZ4 which would mitigate
these issues.
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Figure 5.12: Iy norms of the Hamiltonian and momentum constraint violations for the RCCZ4
formulation. Each successive line denotes a factor of 2 grid refinement. The solid line denotes the
most refined simulation.
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Figure 5.13: I3 norms of the Hamiltonian constraint and momentum constraint violation for the
h, = h3 tun of each of the RCCZ4, FCCZ4 and GBSSN formulations. Here we can observe key
differences in the constraint violating behaviours of each formulation. As the GBSSN simulation
does not couple the Hamiltonian constraint to a propagating degree of freedom, errors within the
horizon and at refinement boundaries are unable to propagate. Due to the fact that the black hole
is not moving and the simulation quickly approaches a nearly stationary state, this lack of time
dependence is advantageous. As shown in Section [5.4.1], the opposite is true when the simulation
is highly dynamic. In those cases, both RCCZ4 and FCCZ4 provide orders of magnitude better
constraint conservation.
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errors become dominated by issues arising from grid refinement boundaries), the performance of
each method is roughly equivalent.

5.4.3 Critical Collapse

Critical collapse represents the extreme strong field regime of general relativity and is therefore
an excellent test case to determine the capabilities of a numerical formulation. Here we compare
the RCCZ4, FCCZ4 and GBSSN formalisms, without constraint damping, in a test that studies
each formalism’s capacity to resolve the threshold of black hole formation using gauges which are
natural extensions of the 1+log slicing, (5.7155.73), with zero shift. For additional information
concerning critical collapse, see [43] for the original study concerning the massless scalar field in
spherical symmetry and [56, 58] for more general reviews.

For each of GBSSN, FCCZ4 and RCCZ4, we perform AMR simulations of massless scalar field
collapse with a relative, per-step truncation error tolerance of 10~%. We tune the amplitude of our
initial data to the threshold of black hole formation with a relative tolerance of ~ 10712

Figures [5.14H5.15| plot the central value of the lapse and the scalar field, respectively, against
proper time at the approximate accumulation point (the spacetime point at which a naked singu-
larity would form in the limit of infinite tuning) for the subcritical simulation closest to criticality
in each formalism. Figures. plot the magnitudes of constraint violations from these
calculations. For these simulations we expect all dimensionful quantities to grow exponentially in
—In (7% — 7) due to the discretely self-similar nature of the critical solution. To facilitate analysis of
the overall growth rate of constraint violations, we plot the cumulative maximum, cummax(f(¢),t),
of each quantity. This function returns the largest magnitude encountered on the domain of the

simulation up until that point in time (e.g. cummax(R,ty) would return the largest value of R
encountered during the simulation for ¢ = [0, to]).

1004 — _ FCCz4
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Figure 5.14: Lapse, «, at the accumulation point as a function of — In(7*—7) with 7* an approximate
accumulation time which is different for each set of simulations. Each of GBSSN, FCCZ4 and
RCCZ4 are well suited to performing the critical evolutions. The observed discrepancies in « are
primarily due to our output of data with insufficient frequency to resolve the peaks adequately. As
expected, we are able to resolve approximately 3 echos at a relative search tolerance of 10712,
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Figure 5.15: Scalar field, 1, at the accumulation point as a function of —In(7* — 7). The discrete
self similarity (DSS) is evident. Tuning the amplitude of our initial data to the threshold of black
hole formation with a relative tolerance of ~ 10712 allows us to resolve approximately three echos.
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Figure 5.16: Cumulative maximal values of R, Z,, the Hamiltonian constraint and momentum
constraint violations for critical collapse of the scalar field in the GBSSN formulation. For clarity,
we have not shown the behaviour of the Hamiltonian constraint post-dispersal, where it is dominated
by a large non propagating remnant similar to that seen in Fig.

As seen in Figs. when evolved using identical error tolerances and parameters, we
find that GBSSN does the best at maintaining a constant level of relative constraint violation
throughout the simulation. We find that with a per-step error tolerance of 104, GBSSN maintains
a constant error ratio of about 1073 relative to the magnitude of the Ricci scalar. For FCCZ4,
this is reduced to 102 while RCCZ4 performs similarly to FCCZ4 for the first echo or so and then
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Figure 5.17: Cumulative maximal values of R, Z,, the Hamiltonian constraint and momentum
constraint violations for critical collapse of the scalar field in the FCCZ4 formulation. For subcritical
simulations close to criticality, the post dispersal constraint violating remnant is much smaller than
that of GBSSN but is still too large to continue the simulation for long periods of time.
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Figure 5.18: Cumulative maximal values of R, Z,, the Hamiltonian constraint and momentum
constraint violations for critical collapse of the scalar field in the RCCZ4 formulation. For subcritical
simulations close to criticality, the post dispersal constraint violating remnant is much smaller than
that of GBSSN but is still too large to continue the simulation for long periods of time. Close to
criticality, the constraint violations grow noticeably faster than either GBSSN or FCCZ4 (while
still providing adequate resolution to investigate criticality).

gradually accumulates more error, performing worse than either GBSSN or FCCZ4 at late times.
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At this point, the cause of this dip in performance for RCCZ4 is unclear to us. However, it is
entirely possible that it is due to a suboptimal regridding strategy. Alternatively, it could very well
be that the variant of the 14log slicing condition used, Eqn. , is not ideal for controlling the
Hamiltonian constraint. We tried several variations of the form d;a0 = —2a(K — 2f (oz)é), which,
for the most part, resulted in similar performance and stability properties. When we compare the
suboptimal performance of RCCZ4 in the critical collapse of the scalar field to the performance in
both the subcritical convergence tests and black hole evolution, we are lead to believe that RCCZ4
may perform best when coupled with a Lambda driver shift condition.

5.5 Hyperbolicity of RCCZ4

We now turn to an analysis of the hyperbolicity of RCCZ4. We demonstrate that, relative to
GBSSN, RCCZ4 has one fewer zero-velocity modes, which roughly corresponds to the fact that in
Z4 derived formulations the equivalent of the Hamiltonian constraint is dynamical [25, 47, 63]. As
outlined in [6, 39, 89], and in the context of numerical relativity, these zero-velocity modes often
correspond to constraint violations and are thought to contribute to instabilities. Consequently,
formulations that minimize these modes are generally favoured.

Here we derive the conditions under which RCCZ4 is hyperbolic, performing a pseudodifferential
reduction [57, 90] following the procedure of Cao and Wu [39] who have previously applied the
method to a study of the hyperbolicity of BSSN in f(R) gravity. We consider the RCCZ4 equations
of motion — in the vacuum and choose a generalization of the Bona-Masso family of
lapses [5, 30] together with generalized Lambda drivers for the shift. Specifically, defining

do = 0y — B0, (5.79)

the equation for the lapse is

HY ~
Boex = —a2h (@, x, 2) (x Ko mW)@) . (5.80)

«

Our generalized Lambda driver takes the form
2B = a*G (a, x, z") B, (5.81)
where the auxiliary vector B’ satifies
doB' = e ™ H (a, x, 2" oA — n (Bi, Q, x“) , (5.82)

and G and H are some specified functions.

We wish to determine the conditions under which the RCCZ4 system is strongly hyperbolic.
This essentially amounts to verifying that the system admits a well defined Cauchy problem; i.e. that
there exist no high frequency modes with growth rates which cannot be bounded by some expo-
nential function of time [90]. We can thus study strong hyperbolicity by linearizing the equations
about some generic solution and examining the resulting system in the high frequency regime where
it takes the form

dou = M'd;u + Su. (5.83)

Here, u is a vector of n solution fields, M’ are n-by-n characteristic matrices and Su is a source
vector that may depend on the fundamental variables u but not on their derivatives. Fourier
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transforming the solution u via
U (w) = /ei(wkxk)u (z)d3z, (5.84)

we can write (5.83) as
Aot = iw; M + S (5.85)

From this, we define the principal symbol of the system as P1 = i |w| P = iw;M*. The hyperbolicity
of the system can then be discerned from the properties of P:

e If P has imaginary eigenvalues, the system is not hyperbolic and cannot be formulated as a
well-posed Cauchy problem.

e If P has only real eigenvalues but does not possess a complete set of eigenvectors, the system
is weakly hyperbolic and may have issues with ill-posedness.

e If P has both real eigenvalues and a complete set of eigenvectors, the system is strongly
hyperbolic and the Cauchy problem is well-posed.

Returning to the specific case of the RCCZ4 formulation in vacuum, we freeze the coefficients
in (5.52)—(5.56). Upon applying a Fourier transformation to the linear constant coefficient problem
that arises, we obtain:

dox = —éaf( + é (iwy) B, (5.86)
oK = aR + wiwmy M é 4 2a9'™ (iwlZm) , (5.87)
9,0 = %aQ (R + 2 (iw;) Zﬂij) , (5.88)
Q07ij = —204;1@‘ - %')N/ij (iwm) B™ + Yim (iw;) B™ + Yomj (iewi) B™, (5.89)
oAy = e [wiwﬂ“d +aly; + 20 (iw(iZj))} " (5.90)
00K = 7 (—omeon) B + 7™ (nion) B — 3037 (i) K +25% (), (5.91)
d0Z;i = a [(mj) Ay — % (iw;) K} + (iwj) o, (5.92)
e = —ahK + ahm'®, (5.93)
B = a*GB, (5.94)
0B = 2H~Y" 00 Zm + H (i) ™ 00 Fmn. (5.95)

Here, since we are interested in the high frequency regime, we have kept only the highest order
derivative terms. In these equations R;; may either be considered as a function of A" (as would be
the case for GBSSN):

A 1. 2 1. . S 1. RS A
Rij = ~A™ (Wiwm) Yij + = mi (wj) A™ + 5 mj (iwi) A™ + 2 (wiw;) X + 27i7"™ (wiwm) X, (5.96)

2 2
or as a function of A (as derived in Sec. :
5 1 2 1. . R 1. ) 2 R R
Rij = Qvlm (wiom) Fij + 5 Fmi (ij) A™ + 5 9mj (ig) A™ + 2 (wiw;) X + 297" (wiwm) X- (5.97)
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In what follows, € = 1 corresponds to the use of A while € = 2 corresponds to the definition in
terms of A’. Roughly following [39], we introduce the variables:

i = | s (5.98)
jwl? = Y wiw;, (5.99)
—iQ
a=_""% (5.100)
|wl
—i A
X =X, (5.101)
|l
O = af), (5.102)
AP = FU4;, (5.103)
Ty 5.104
/8 |(JJ| ’y 70 ( . )
B =49B,, (5.105)
2 —je %X
i = lis 5.106
Yij ‘w’ 79 ( )
/Iij = 6_4Xﬁij, (5107)
which permits us to write (5.86)—(5.95)) as a first order pseudodifferential system of the form
Bots = i |w| aP, (5.108)
where
N A A A A4 . 1T
0= [d X Q K b B A Iy Lij] . (5.109)

Provided that P is diagonalizable with purely real eigenvalues, the system will be strongly hy-
perbolic [39, 89, 90]. Then, following the methodology of Nagy et al. [39, 90], we decompose the
eigenvalue equation

Pu = A, (5.110)
by projecting @ into longitudinal and transverse components with respect to w; via application of
the projection operator

QGij = Yij — Wild;. (5.111)
Explicitly, we split all rank-1 and 2 covariant tensors into their components in and orthogonal to

¢ij- In such a decomposition, symmetric rank-2 tensors on the 3D hypersurface with metric ~;;

may be represented as:

Xij = 0ilo; X + %Qin, + 205X + Xigjy, (5.112)
with
X ='W Xy, (5.113)
X' = ¢ Xy, (5.114)
X; = ¢’5" Xy, (5.115)
Xipy = a'q™ <sz - ;X/QZm) , (5.116)
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and where angle brackets denote a tensorial quantity which is trace free with respect to g;;. Simi-
larly, covectors may be split according to

Vi=wY +Y;, (5.117)

with
Y = &', (5.118)
Y, = 4" (5.119)

Upon application of these tensor and vector decompositions to (5.108), we find that P can be
written in block diagonal form:

PS5 0 0
P=|(0 PV 0], (5.120)
0o o0 PT

with PS, PV and PT denoting scalar, vector and tensor components. Following a lengthy calcula-
tion, we find the following results for (1) the scalar components:

Bois = i|w|a [—hEK + hmfl} : (5.121)
Bob = i|w| a -GB} , (5.122)
- [4H . 4H . A
0B =ilwla | 5-b— K + 2HQ} : (5.123)
. 1. 1.
X =ilwla|=b—=-K]|, (5.124)
67 6
. 4. .
Ol =i |w|« §b - ZL] , (5.125)
ST 4 .
Dl =1i|w|a —3b—|—2L} , (5.126)
5 . : R s 1a 1 -
K =ilw|a|—a—8X + 51 - 51 + 262] , (5.127)
A U DU DV
D =1i|w|a|—4X + Zl - Zl + 6Z:| , (5.128)
) 2 4, 1. 1. de,
=i i N G B ) 12
o z]w|o¢_3a 3 +3+6 +3 ], (5.129)
. .9, .
802 = i|w| L—3K+Q], (5.130)
(2) the vector components:
ob; = i |w] a -GB;} , (5.131)
8B, = i|w|a _HB;} , (5.132)
ol = i |w|a [b; — Qﬁ;} , (5.133)
oLy =ilwla e } , (5.134)
807, = i|w| f;} , (5.135)
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and (3) tensor components:

Aol = ilwla [f2ﬁ’<m} : (5.136)
~r 3 1.
Note that since Aij is trace-free we have L' = —L, which is why no evolution equation for L

appears. Expressing these systems of equations as matrix equations of the form (/5.110) and (5.120)),
the eigenvalues of PS are:

4
A=0,0,+1, £/e, +Vh, +4/ SGH. (5.138)

Comparing with the results of [25, 39] (which consider various BSSN-type systems), we observe that
RCCZ4 has one fewer zero velocity eigenvalue than GBSSN. It is this eigenvalue which corresponds
to the Hamiltonian constraint advection and it is largely responsible for the superior performance
of FCCZA4 relative to GBSSN [25, 47, 63]. Treating R;; as a function of A* versus A* (e = 2 versus
e = 1) has the effect of increasing the speed of propagation of several modes, but otherwise has
no effect on hyperbolicity. In fact, we see that RCCZ4 appears to be well defined for a fairly wide
range of € which roughly corresponds to modified equations of motion in which the Ricci tensor is
supplemented by additional terms of the form ﬁ(iZj).

In the case of the vector components, the eigenvalues of the matrix PV each have multiplicity
2 (rather than 3) due to the projection constraints of the form &X; = 0. The eigenvalues are:

=0, +/e, +VGH. (5.139)

Finally, for the tensor components, the eigenvalues of P have multiplicity 2 (rather than 6) due
to the three projection constraints of the form J}iX;j = 0 and the trace-free condition X 2Z.j>’yij =0.
The eigenvalues are the same as we would find for BSSN and ADM [25] 39, 90]:

A=+l (5.140)
In order to guarantee weak hyperbolicity, all of these eigenvalues must be real, so we must have
GH >0, h>0, e>0. (5.141)

Strong hyperbolicity additionally requires that each of P¥, PV and P” are diagonalizable. For this
to be the case, all of the following conditions must hold:

he HG # % HG + Zh, HG # Ze, (5.142)

so that P has a complete set of eigenvectors. If we perform the same sort of pseudodifferential
decomposition for FCCZ4 (using a slightly modified gauge), we find that RCCZ4 and FCCZ4
share the same principal part and we thus conclude that the two methods have identical stability
characteristics in the high frequency limit.

5.6 Summary and Conclusions

In this paper, we have introduced our novel RCCZ4 formulation of numerical relativity. We have
demonstrated that it is possible to achieve roughly equivalent performance to GBSSN and FCCZ4
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through a modification of Z4 wherein constraint violations are coupled to a reference metric com-
pletely independently of the physical metric. We have shown that this approach works in the
presence of black holes and holds up robustly in a variety of 1D simulations including the critical
collapse of a scalar field. In addition to stably evolving spherically symmetric simulations in the
strong field, we have demonstrated that our formulation is strongly hyperbolic through the use of
a pseudodifferential first order reduction.

Our formulation of RCCZ4 chose the simplest possible reference metric, but we can easily
imagine formulations in which the components of g, are chosen or evolved in such a way so as to
provide additional beneficial properties aside from the vanishing of the Ricci tensor. We suspect that
it will be in modifications to the choice of §,, in which the full utility of RCCZ4-like formulations
is realized.

The core idea behind RCCZ4—coupling the constraint equations to a metric different from the
physical metric—could potentially be used to derive methods with greater stability and superior
error characteristics than either GBSSN or FCCZ4. In our opinion, the main takeaway should not
be that RCCZ4, as it stands, is a complete formulation with performance approaching or exceeding
FCCZ4 and GBSSN. Rather, the main lesson should be that the Z4 formulation of general relativity
can be modified such that the constraints are coupled to a metric other then the physical one, and
that such a modification may be useful in tailoring the properties of the system as they pertain to
constraint advection and damping.
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Chapter 6

Universality in the Critical Collapse
of the Einstein-Maxwell System

We report on critical phenomena in the gravitational collapse of the electromagnetic field in axisym-
metry using cylindrical coordinates. We perform detailed numerical simulations of four families of
dipole and quadrupole initial data fine-tuned to the onset of black hole formation. It has been
previously observed that families which bifurcate into two on-axis critical solutions exhibit distinct
growth characteristics from those which collapse at the center of symmetry. In contrast, our results
indicate similar growth characteristics and periodicity across all families of initial data, including
those examined in earlier works. More precisely, for all families investigated, we observe power-
law scaling for the maximum of the electromagnetic field invariant (max|F,, F*| ~ |p — p*|727)
with v ~ 0.149(9). We find evidence of approximate discrete self-similarity in near-critical time
evolutions with a log-scale echoing period of A ~ 0.62(8) across all families of initial data. Our
methodology, while reproducing the results of prior studies up to a point, provides new insights into
the later stages of critical searches and we propose a mechanism to explain the observed differences
between our work and the previous calculations.

6.1 Introduction

In this paper we report results from an investigation of critical collapse in the Einstein-Maxwell
(EM) system, a model where the electromagnetic field is coupled to the general relativistic gravita-
tional field. We start with a brief review of black hole critical phenomena in gravitational collapse,
and direct those unfamiliar with the subject to the comprehensive review articles [56] and [58].

When studying the critical collapse of a gravitational system, we consider the evolution of a
single parameter family of initial data with the parameter p chosen such that when p is sufficiently
small, the gravitational interaction is weak. As the magnitude of p is increased, the gravitational
interaction becomes strong and for sufficiently large p, the time evolution of the system eventually
results in a spacetime containing a black hole. By carefully tuning p, we find a critical parameter
p* representing the threshold of black hole formation for that particular family of initial data. The
behaviour of solutions arising in the near critical regime, p — p*, is complex and varied; its study
comprises the core of what is referred to as critical phenomena in gravitational collapse.

Depending on the particulars of the model, we may find behaviour such as the existence of
universality in the critical solutions, the scaling of physical quantities as functions of |p — p*|, or
symmetries of the critical solution beyond those imposed by the initial data or model. Here, we
are exclusively interested in type II critical phenomena which was first studied in the context of
the collapse of a massless scalar field in spherical symmetry [43].

Type II critical phenomena are typically seen in systems with massless or highly relativistic
matter fields. For these systems, the critical point p* partitions the phase space of solutions in
two such that for p < p* we have complete dispersal while for p > p* the final state of the system
contains a black hole: the critical solution, which is transient and represents neither dispersal nor
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black hole formation, sits at the interface of these two regions. Most studies of type II critical
phenomena have been performed in the context of spherical symmetry, and until stated otherwise
we will restrict attention to the spherically symmetric case.

A fundamental property of all type II critical solutions which have been determined to date is
that they are self similar. Depending on the specific matter content of the system under consider-
ation, the critical solution may be either continuously self similar (CSS) or discretely self similar
(DSS). For a CSS spacetime in coordinates adapted to the symmetry, the metric coefficients take
the form [58]:

Gab (7_7 xz) = 6_27—§ab (-TZ) ) (61)

where 7 is the negative logarithm of a spacetime scale and z are generalized dimensionless angles
about the critical point. For DSS spacetimes in adapted coordinates we have instead [58]:

Jab (Ta l,z) = 6_27—5111) (7_> xz) ) (62)
Gab (1.3") = Gap (T + A, 27) (6.3)

where §up is function of 7 and 2 which is periodic in 7 with period A. Therefore, in the vicinity
of p*, a DSS critical solution exhibits periodic scale invariance in length and time. In almost all
cases which have been studied in spherical symmetry the critical solutions which have been found
(for both types of self-similarity) are universal, by which we mean that they do not depend on the
specifics of the initial data families that are used to generate them [55, 58, 70, 81]. The echoing
period, A, when it exists, is similarly universal.

For systems with a CSS critical solution, invariant dimensionful quantities, such as the mass of
the resulting black hole in the supercritical regime, scale according to

In (M) =~Inlp—p*| +cm, (6.4)

where « is a universal exponent and cys is some family-dependent constant. When the critical
solution is DSS, a universal periodic function, fys, with period A is superimposed on this basic
power law [58]:

In(M) =~Inlp—p*|+ fmu (yIn|p —p*[) + cem (6.5)

Other dimensionful quantities scale in a corresponding manner. For example, if we were to look at
the maximum energy density, pmax, encountered during a given subcritical simulation (performed
in coordinates adapted to the self similarity) we would have

In (pmax) = —2vy In |p - p*| + fp (’7 In ’p - p*|) + ¢p, (66)

where f, is another universal periodic function and c, is another family-dependent constant. Al-
though type II critical solutions are generically unstable, they tend to be minimally so: they
typically have a single unstable mode in perturbation theory and, in the above scaling laws, ~
turns out to be the inverse of the Lyapunov exponent of this unstable mode.

Since the original spherically-symmetric scalar field work, many other models have been thor-
oughly investigated. Going beyond spherical symmetry, among the most important studies are
those of the critical collapse of axisymmetric vacuum gravitational waves, originally examined by
Abrahams and Evans [1, 2]. The study of vacuum critical collapse provides a means of achieving
arbitrarily large space-time curvatures outside of a black hole through purely gravitational pro-
cesses. In the critical limit this culminates in the formation of a naked singularity, which continues
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to be an object of great theoretical interest. Fundamentally, although the critical features are not
unique to the vacuum case, the vacuum provides the most natural gravitational context and is
therefore most likely to provide information relevant to the studies of quantum gravity and cosmic
censorship.

Simulations of vacuum critical collapse have proven to be difficult and replication (or otherwise)
of early results has been challenging. It has only been in the past few years that work in this context
has seen significant progress [19, 21, 49, 62, 64, 68, 74]. In particular, advances in formalisms and in
the choices of gauge has enabled groups to expand upon the original work of Abrahams and Evans.
In general, investigations into the collapse of non-spherically symmetric systems have yielded far
more complicated pictures than their spherically symmetric counterparts, with family-dependent
scaling and splitting of the critical solution into distinct loci of collapse appearing in a number of
models [1, 2, 19-21, 44, 58, 74, 85].

Turning now to the EM system, we note that, as in the case of the pure Einstein vacuum, the
model has no dynamical freedom in spherical symmetry and must therefore exhibit non-spherical
critical behaviour. Recently, Baumgarte et al. [20], and Mendoza and Baumgarte [85] investigated
the critical collapse of the EM model in axisymmetry. Using a covariant version of the formalism
of Baumgarte, Shapiro, Shibata and Nakamura (BSSN) in spherical polar coordinates, they found
evidence for family-dependent critical solutions for dipole and quadrupole initial data. Specifically,
for each type of initial data, distinct values of v and A were found.

In this paper, we present the results of our own investigation into the critical collapse of the EM
system, also in axisymmetry, but using cylindrical coordinates. We incorporate an investigation
of the critical behaviour in the well-studied massless scalar field model to test and calibrate our
code, as well as to verify the validity of our analysis procedures which are then applied to the more
complicated EM system.

We investigate a total of five families of initial data for the EM model, three of which are new,
and the other two which are chosen in an attempt to replicate the experiments of Mendoza and
Baumgarte [20, 85]. In contrast to the prior work, which yielded distinct scaling exponents for the
quadrupolar computations relative to the dipolar ones, we find evidence of universality in v and A
across all families. We do not, however, observe evidence for universality in the periodic functions
fi as defined in 7.

For dipolar-type initial data we find that the collapse occurs at the center of symmetry (in this
case the coordinate origin) and that the EM fields maintain a roughly dipolar character throughout
the collapse process. Conversely, for quadrupolar initial data, we observe that the system eventually
splits into two well separated, on-axis, centers of collapse. That is, after the initial data is evolved
for some period of time, the matter splits into two distributions of equal magnitude, each centered
on the p = 0 axis, with one distribution centered at positive z and the other at a corresponding
location below the z = 0 plane. After this bifurcation occurs, the matter continues the process
of collapse. In the limit that p — p*, the matter collapses at the points (z,p) = (z.,0) and
(z,p) = (—2¢,0); these are the points at which a naked singularity would form in the critical limit
and we refer to them as accumulation points. Although the evolution of quadrupole initial data
prior to the bifurcation is initially consistent with [85], subsequent collapse at the mirrored centers
appears to become dominated by a critical solution which exhibits similar properties to the dipole
cases.
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6.2 Background

Our investigation is restricted to the case of axial symmetry. In terms of Cartesian coordinates
(z,y,2) we adopt the usual cylindrical coordinates, (z, p, ¢):

z =z, (6.7)
p=Va?+y? (6.8)
¢ = arctan (%) (6.9)

For both the generation of initial data and its eventual evolution, we limit our investigation to
the case of zero angular momentum and adopt the line element,

ds? = (—a2 + p25pﬂ” + Bzﬁz) dt* + (28.dz + 2pB,dp) dt (6.10)
+ (Godz?® + Gydp® + p*Godd* + 2pGadzdp)

with corresponding metric,

—_n2 l .
G = ( @ ;515 5Jj> , (6.11)
—a?+p* BB+ B.6° B pBy O
_ Bz Ga de 0
PBp pGa Gy 0
0 0 0 PG,

Here and below, all spacetime functions, g, have coordinate dependence ¢(t, z, p). For convenience
in our numerical calculations and derivations, we have chosen the form of the metric components
in (6.11) so that all of the basic dynamic variables satisfy

lim g(t. 2, p) = go(t:2) + p°g2(t 2) + ... (6.12)

Thus, all of the dynamical variables have even character about p = 0. Using standard definitions
of the spatial stress tensor S;; (with spatial trace S), momentum, j*, and energy density pg, we
have
Sij = 7" i Tug,
S =" Sij,
ji = _'Vij'yujnVT,uua
pE = n'n"T,, .

We adopt the generalized BSSN (GBSSN) decomposition of Brown [9, 22, 37, 47, 116] and take
the so-called Lagrangian choice for the evolution of the determinant of the conformal metric,

8y =0, (6.17)
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such that the equations of motion are given by

Lo = (0 — Lg), (6.18)

Lymx = —éaK + é mB™", (6.19)

L. K =—-D*a+a <A”A” + 3K2> +dra(pp +S), (6.20)

LoAij = —20A;5 — %%; Dy, 8™, (6.21)

LmAij = e [~D;D;a + aRyj — 87aSi;]™F — gﬁijﬁmﬁm +a (KAU - 2Aik21kj) . (6.22)

LAl =3™ D, D, 3" — 24D, o + 20 (621"ﬂ'DjX - g’?ijﬁjK - snji) (6.23)
b2 [DF (Dup”) + 20D, 57] + 2047 A,

These equations introduce two additional metrics: the conformal metric 4;;,

9a pg9a O
Yij=e Y=\ pga g 0 |, (6.24)
0 0 ngc
and a flat reference metric 7;;,
10 0
S5=10 1 0], (6.25)
0 0 p?

which shares the same divergence characteristics as 4;; and serves to regularize several quantities
related to the contracted Christoffel symbols. In 7, hats denote quantities raised with
44 while D and D denote covariant differentiation with respect to the conformal metric and flat
reference metric, respectively.

In , the Ricci tensor is split into conformal and scale components via

Rij = Rij + R, (6.26)
> 1Amno A 2 o 2 Am Am A Amn A Amn A
R} = =2D;Djx — 24 D" Dipx + 4D; Djx — 43i D" x Dy x - (6.28)

We note that in an appropriate gauge, the GBSSN variables have no unstable growing modes as-
sociated with constraint violation [39, 89]. The Hamiltonian, momentum and contracted Christoffel
constraints take the form

1 2 L
H=3 (R + §K2 - AijAw> — 87p, (6.29)
. N 2 .. PPN -
Mi=e %X <DjAU — 377 D;K +6AYDjy — 87er) = (M*?, pMP*,0), (6.30)
=N — AP = (27, pz",0). (6.31)
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It is worth noting that in f we have not included the usual dimensionful constraint
damping parameters. The critical solutions we investigate have no single length scale and our code
must be able to deal with solutions spanning many orders of magnitude in scale. By choosing a set
of damping parameters which worked well at a given scale, we might have introduced inconsistent
and difficult to debug behaviours at other scales. These might include:

e Improved constraint conservation in the long wavelength regime at the expense of the short
wavelength regime.

e Unexpected interactions with Kreiss-Oliger dissipation [72].

e Scale dependent issues arising at grid boundaries due to suboptimally chosen adaptive mesh
refinement (AMR) parameters.

In order to avoid these possibilities and to ensure our that code had no preferential length scale,
we omitted the damping parameters in our simulations.
In summary, the complete set of geometric variables is given by the lapse, «, shift, 3,

nh — (1, —W) , (6.32)

a’ o«
8" = (8%, pp",0), (6.33)
conformal factor, x, conformal metric, 4;;,
9a  Pga 0
Jij=e = pga @ 0 |, (6.34)
0 0 p’

trace of the extrinsic curvature, K, conformal trace-free extrinsic curvature, A;;,

A _ 1
Aij =e 4x (KZ] — 3’)’Z]K> y (635)
Aqs  pAg 0
=pds 4 0 |, (6.36)
0 0 p?A,

the quantities A’ representing the difference between the contracted Christoffel symbols of the
conformal metric (I'";;) and flat reference metric (I'';;),

Alyy =T, — T, (6.37)
Al =T T, 47k, (6.38)
Al = <AZ,pAP,0) , (6.39)

and finally, the quantities A?, representing the quantities A’ promoted to independent dynamical
degrees of freedom rather than being viewed as functions of 4;; and 7;;,

Ai = (A pA?, 0) . (6.40)
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Here, as is the case for the spacetime 4-metric, all of the GBSSN functions are taken to have even
character about p = 0. For a more in-depth review of the GBSSN formulation we refer the reader
to the works of Brown [37] and Alcubierre et al. [9].

In our investigations of critical behaviour we consider both the massless scalar field and the
Maxwell field. In the first instance, we have the Einstein equations and stress tensor,

G = 87T}, (6.41)
1
TS5 = VauVau — 59a8V 1V, (6.42)

and a matter equation of motion,

VOVau=0. (6.43)
For the Einstein-Maxwell system we have
Gy = 87T}, (6.44)
T = Fu"Fra — igWFagF“B : (6.45)
and matter equations of motion,
V. F"™" =0, (6.46)
V, F"M =0. (6.47)
Here,
xR = %N“’”‘SFW;, (6.48)
with

goz575 — (_1)8604675

T

where s = 1 is the metric signature and €7 is the 4D Levi-Civita symbol.

Rather than use — and a vector potential decomposition of F},,, we incorporate the
source-free Maxwell equations into a larger system, similarly to how the GBSSN and FCCZ4 for-
malisms embed general relativity within variations of the Z4 system [9, 47]. In the case of general
relativity, this embedding enables the Hamiltonian and momentum constraints to be expressed
through propagating degrees of freedom. Analogously, for the Maxwell fields, the divergence con-
ditions become tied to propagating degrees of freedom [71, 95]:

(6.49)

—on"Vg =V, (F'"+ ¢""V¥g), (6.50)
—on’VUp =V, ("F"" 4+ ¢""¥p). (6.51)
Here, o is a dimensionful damping parameter and g and Vg are constraint fields which couple
to the violation of the divergence conditions for the electric and magnetic fields, respectively. By

promoting the constraints to propagating degrees of freedom, our solutions gain additional stability
and exhibit advection and damping of constraint violations which would otherwise accumulate.
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Finally, we take the following definitions of the electric fields, £%, magnetic fields, B%, and Maxwell
tensors, F'*8 and *F°8,

E* = F*ng, (6.52)
B — *Fﬁan57 (6.53)
FO8 = noBP — pPE* 4 29 B; (6.54)
*FeP = pfBY — n*BP 4 %P Es (6.55)

The evolution equations for the electric and magnetic fields, and the constraint variables, now
take the form:

L E' =D, (aBy) + aKE' + ay9D; Vg, (6.56)
LB = —&%D; (aBy) + aKB' — ay' DU, (6.57)
LonVg = aDE, (6.58)
LUy = —aD;B', (6.59)
where we have once again set dimensionful damping parameters to zero to avoid setting a prefer-

ential length scale. Under the restriction to axisymmetry, the electric, magnetic, and associated
fields simplify as

El = (0,0,E¢) , (6.60)
B' = (B*, pB*,0), (6.61)
Vg =0, (6.62)
KFu P = —F,, . (6.63)

Similarly to the GBSSN functions, all of B*, B?, E?, ¥ and F, MY are constructed to be even
about the p = 0 axis. As is the case for the Hamiltonian, momentum and contracted Christoffel
constraints of GBSSN, Wp and ¥ evolve stably and vanish in the continuum limit provided the
initial data obeys the relevant constraints.

6.3 Initial Data

We assume time symmetry on the initial slice such that K;; = 4% = 0 with the momentum con-
straints automatically satisfied. Thus, our initial data represents a superposition of ingoing and
outgoing solutions of equal magnitude and implies the existence of a family of privileged, on-axis,
inertial observers who are likewise stationary at the initial time. Through careful construction, the
geodesics these observers follow enable us to extract information concerning the evolution of our
critical systems in a way that is completely independent of gauge.

Under the York-Lichnerowicz conformal decomposition and given time symmetry, the ¢ = 0
Hamiltonian constraint takes the form

2H = 8D;D'eX — ReX 4 16me™p = 0. (6.64)

We choose the initial conformal 3-metric to be flat and isotropic and define the electric and
magnetic fields as B! = e 9%/2F! B = ¢~ /2B with E' and B’ specified according to some initial
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profiles. These choices greatly simplify (6.64]), and upon defining
Kk =eX, (6.65)
o 0
D2k = <8p,3/<¢ - %’i - 8zz/<c> : (6.66)

the elliptic equation for the Einstein-Maxwell system takes the form

o

D%k = -1 <p2ép2 + B 4 p2E¢2) , (6.67)
while the corresponding equation for the scalar field is
D% =~ ((azu)2 + (apu)Q) . (6.68)

In the case of the massless scalar field or pure electric field we are free to simply specify p or E9.
For the case of a pure magnetic field we must additionally satisfy D; B* = 0. Under the transform
B = ¢ XBi = ¢=3/2XBi B may be trivially derived from a vector potential via B = ~V x A.
Taking A* = 0 and A” = 0 results in families which satisfy the relevant constraints. Initially
stationary magnetic type data is then specified via

Al = (o, 0, A¢>), (6.69)
_ AP
B* = —9,A% - —, (6.70)
P
Br = 1aqub. (6.71)
P

The initial data for the collapse of the massless scalar field is given in Table We make use
of the function

W) ’ (6.72)

9 (2,p,p0,\) = exp (— 32

and present all initial data in a manner which is manifestly scale invariant with respect to the
parameter \: under a rescaling A — A/)\ all dimensionless quantities f(¢,z,p) transform as

f(tzp) = f@/N, 2/ N, p/X).

*

Family Initial Data P
I/Vl:0 u:p(g (ZanPOa)‘)+9(ZvP, 7/)0’)‘)) ~ 0.152
Wizt H=p- %(9 (ZaP7POa>\)+9(27P7 _PO,)\)) ~ 0.297

Table 6.1: Families of initial data for the massless scalar field. The form of the initial data is scale
invariant with respect to A and we adopt A = 1, pg = 0 for all simulations. We refer to family
Wi—p as monopole type initial data and family W;—; as dipole type. The final column gives the
approximate value of the critical parameter p* for each family.

For the Einstein-Maxwell system we investigate the families of initial data presented in Ta-
bles 6.2 and [6.3] The families given in Table[6.2 are new to this work while those given in Table[6.3
correspond to the dipole and quadrupole families of [85]. The families of Table were chosen in
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*

Family Initial Data D
E—1  E°=p-5(9(2.000A) +9(2.0—po,A)) ~ 0.644
M=y A®=p-£(g(z,p,00,N) +9(2,p,—p0,N) ~ 0.377
M=y,  A®=p-36(g(2,pp0,A) +9(2,p,—po, ) ~ 0.896

Table 6.2: Families of initial data for the Einstein-Maxwell system. The form of the initial data is
scale invariant with respect to A and we refer to family E;—; as the electric dipole type, M;—; as
the magnetic dipole type and M;—o as the magnetic quadrupole type. Bt is determined from A?
via f. All of our investigations adopt A = 1 and py = 0. We note that although FE' and
A' are pure multipoles, the initial spacetime is far from flat and, in fact, the evolution is initially
in the strong-field regime.

the hope that that similarities and differences in the underlying behaviors of dipole (I = 1) and
quadrupole (I = 2) solutions would reveal information concerning the universality of the critical so-
lutions. The two families of dipole initial data (F;—; and M;—1) correspond to electric and magnetic
dipoles, respectively, and are initially quite dissimilar.

As stated, the families of Table correspond to those in [85] where the initial data was
presented in an orthonormal coordinate basis. Here we present it in terms of the tensor quantities
E' = ¢ 5XE’. Notably, we do not find the same critical points for the data in Table as was
found in [85]. Instead of Plipole ~ 0.913 and py,,.q ~ 3.53, we find p; ), ~ 0.258 and p7 .4 =~ 0.997.
In light of the results of Sec. and since the ratios among the two family parameters are
essentially identical, we suspect that either our initial data or that of [85] was simply scaled by
some unaccounted for factor.

*

Family Initial Data p

Edipole E? = D % exp (— ZQIQPQ) ~ 0.258

Equa  E?=p-S2exp (—ZQ;PQ) ~ 0.997

Table 6.3: Families of initial data specified in [85]. Here, we have expressed the initial data in
standard tensor notation, rather than in an orthonormal basis as in [85], so that p is a dimensionless
strength parameter.

6.4 Numerics and Validation

We calculate the initial data using (6.67) and (6.68) with a multigrid method on a spatially com-
pactified grid,

7z
z:tan<;), _1<z<1, (6.73)

p—tan<R27r>, 0<R<I, (6.74)

which renders the outer boundary conditions trivial. A consequence of this transform is that the
eigenvalues of the finite difference approximations of (6.67) and (6.68) become highly anisotropic:
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for a number of grid points that provides adequate accuracy, the characteristic magnitude of the
action of the differential operator on the grid function x may be as much as 1-107 times larger near
the edge of the grid as it is at the origin. To account for the resulting large eigenvalue anisotropy,
line relaxation is employed to increase convergence rates.

An unfortunate side effect of using a global line relaxation technique is that at our chosen reso-
lution, and for a tuning precision |[p* — p|/p* < 1-1077, we lose the ability to discriminate between
sets of initial data. That is, the price we pay for global relaxation of the highly anisotropic problem
is a loss of precision. We resolve this issue by calculating three reference solutions correspond-
ing to parameters py, p2 and p3 near the critical point, p*, such that |p* — p;|/p* ~ 1-107°¢ and
Ip; — pil/p* ~ 11076 for i # j. For simulations with [p* — p|/p* < 11075, initial data is then
calculated via third order point-wise spatial interpolation of grid functions using the three refer-
ence solutions. The error thereby introduced is orders of magnitude below that of the numerical
truncation error in the subsequent evolution and may be safely ignored.

Our evolution code is built on a slightly modified version of PAMR [102] and AMRD [101].
We use a second order in space and time integrator with Kreiss-Oliger dissipation terms to damp
high-frequency solution components. Additional resolution is allocated as required through the use
of AMR based on local truncation error estimates.

Close to criticality, these simulations made heavy use of AMR. A run for family M;_;, for
example, would have a base resolution of [129,129] with four levels of 2:1 refinement at ¢t = 0. At
the closest approach to criticality (|p* — p|/p* ~ 1-107!3), the simulation would have ~ 20 levels
of refinement representing an increase in resolution on order of 10,000.

The code was originally based on a fourth order in space and time method. During the course
of our investigations we found that, without great care, spatial differentiation in the vicinity of
grid boundaries could easily become pathological for higher order integration schemes and this
was particularly true when we used explicit time integration. Without careful consideration, these
sometimes subtle effects could completely negate any advantages gained from the use of a higher
order scheme. As a result, the decision was made to employ a much easier to debug second order
accurate method. Specifically, we opted to use a second order Runge-Kutta integrator with second
order accurate centered spatial differencing and fourth order Kreiss-Oliger dissipation [72]. In order
to reduce the effect of spurious reflection from AMR boundaries, we employ a technique very similar
to that of Mongwane [88].

6.4.1 Choice of Gauge

Our evolution code accommodates a wide variety of hyperbolic gauges with most of our investi-
gations focusing on versions of the standard Delta driver and 14log families of shift and slicing
conditions [7, 8, 23, 38]. We found that there were no significant issues associated with using var-
ious Delta driver shifts for evolutions moderately close to criticality (|p — p*|/p* < 1-1073), but
that their use tended to significantly increase the grid resolution, and therefore computational cost,
required to resolve the solutions. As such, the results presented in Secs. and are based on
the following choice of gauge:

Lo =—2aK, (6.75)
5 =0, (6.76)
5 =0, (6.77)
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6.4.2 Classification of Spacetimes

We characterize spacetimes as either subcritical or supercritical based on two primary indicators:
the dispersal of fields and the collapse of the lapse. While the more definitive approach to flagging a
spacetime containing a black hole would be to identify an apparent horizon, we opt for monitoring
the lapse collapse due to its simplicity and practicality. One drawback of this approach is the
potential ambiguity in the final stages of the last echo in each family. Specifically, it is unclear
whether the behaviour that is observed for putatively marginally supercritical collapse represents
a genuine physical singularity or merely a coordinate artifact. However, by closely observing the
growth trends of invariant quantities and confirming the dispersion of sub-critical solutions, we are
confident that our results, up to the final portion of the last echo, depict the genuine approach to
criticality. Given the inherent challenges in precisely determining p*, we have chosen to exclude
the simulations closest to criticality when computing values for v and A across all families of initial
data.

6.4.3 GBSSN Considerations

Aside from the standard convergence and independent residual convergence tests (Section , it
is important to quantify the behaviour we expect from a code based on the GBSSN formalism when
in the critical regime. First and foremost, in their most general forms (without enforcing elliptic
constraints) GBSSN evolution schemes are unconstrained. We should therefore expect constraint
violations to grow with time while remaining bounded and convergent for well resolved initial data
sufficiently far from criticality.

Another potentially overlooked factor concerning the GBSSN formulation is that GBSSN is not
only over-determined (e.g. the evolution equations for At are implicit in the evolution of the other
variables and the maintenance of the constraints), but GBSSN is effectively an embedding of general
relativity within a larger Z4 type system under the assumption that the Hamiltonian constraint
holds [9, 47]. In practice, this means that a well resolved and convergent solution in GBSSN
may cease being a valid solution within the context of general relativity at some point during the
evolution. This is perhaps best illustrated by considering the near critical evolution of the Einstein-
Maxwell system depicted in Fig. Although the Hamiltonian and momentum constraints are
well maintained throughout the evolutions, the final “dispersal” state is not a valid solution in the
context of general relativity. In this case, the constraint violations of the overdetermined system
have made it so that the geometry that remains as the electromagnetic pulse disperses to infinity
is a constraint-violating remnant rather than flat spacetime.

The overall effect is that our solutions cannot be trusted for particularly long periods of time
after they make their closest approach to criticality. This in turn presents obvious difficulties in
determining the mass of any black holes in the supercritical regime where it may take significant
coordinate time for the size of the apparent horizon to approach that of the event horizon. For this
reason we restrict our analysis to the subcritical regime.

To verify that we remain “close” to a physically meaningful general relativistic solution, we
monitor the magnitude of the constraint violations relative to quantities with the same dimension.
We also monitor independent residuals for the fundamental dynamical variables. We consider a
solution using AMR to be reasonably accurately resolved when:

e The independent residuals and constraints violations of an AMR solution in the strong field
(nonlinear) regime are maintained at levels comparable to those determined from convergence
tests using uniform grids.

e The independent residuals are kept at acceptable levels relative to the magnitude of the fields.
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e The constraint violations are kept small relative to the magnitude of their constituent fields.
(e.g. |H| < |R]).

For a dispersal solution close to the critical point, the second and third of these conditions are
guaranteed to fail some period of time after the solution makes its closest approach to criticality.
Thankfully, in practice we have found that with adequately strict truncation error requirements
(relative truncation errors below 1-1072 seems sufficient and we maintain 5-10° for all simulations),
the conditions remain satisfied throughout the collapse process.

6.4.4 Convergence

The parameters for our convergence test simulations are given in Table Note that these
simulations and those given in Section are performed on semi-compactified grids with

z=sinhZ', 0<27' <12, (6.78)
p=sinh P, 0< P <12. (6.79)

For all of the calculations discussed in this paper, appropriate boundary conditions are set at
z = 0 to mirror or reflect the GBSSN and matter variables, depending on whether the given field has
even or odd character about the z = 0 plane. This simplification allows us to reduce the required
compute time by a factor of two and alleviates issues which occasionally arise from asymmetric
placement of AMR boundaries. For these and all subsequent results, initial data was calculated on
a fully compactified grid as described in the introduction to this section.

Family Level p  Puin Pmax NP Zmin Zmax Nz
My 1 0.33 0 12 513 0 12 513

M 2 0.33 0 12 1025 0 12 1025
My 3 0.33 0 12 2049 0 12 2049
M- 4 0.33 0 12 4097 0 12 4097

Table 6.4: Parameters for magnetic dipole (family M;—;) convergence tests. These simulations are
well within the nonlinear regime with the critical point given by p* =~ 0.377. Similar convergence

tests were performed for all families listed in Tables 6.3

Figs. demonstrate the convergence of the constraints for strong field dispersal solutions
of the EM system. These figures additionally plot constraint violations for AMR simulations with
a relative error tolerance of 5- 107, demonstrating that the AMR simulations remain well within
the convergent regime. The AMR simulations had an associated compute cost approximately 4
times larger than the lowest resolution unigrid simulations.

Beyond monitoring the various constraints, we computed independent residuals of the various
GBSSN quantities. The independent residuals were based on a second order in time and space
stencil with three time levels and spatial derivatives evaluated at only the most advanced time.
These residuals converged at second order as expected for all our tests.

Fig. demonstrates the magnitude of various error metrics relative to the magnitude of the
underlying fields. Throughout the collapse process, the solution is well resolved, but during dispersal
(t > 6), the solution becomes dominated by a non propagating Hamiltonian constraint violation.
Again, this is the expected behaviour for GBSSN type simulations where the Hamiltonian constraint
is not tied to a dynamical variable or explicitly damped. In the limit of infinite resolution, we expect
R(t,0,0) and H(¢,0,0) to approach 0 at late times.
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We also note that, in addition to the GBSSN approach, we experimented with implementations
of formulations derived from the Z4 formalism. In practice, we found that the use of Z4 formulations
(without damping) resulted in significantly better constraint conservation post dispersal while ex-
hibiting degraded Hamiltonian constraint conservation during collapse. As we were predominantly
interested in maintaining high accuracy during collapse, we opted to use GBSSN rather than, for
example, fully covariant and conformal Z4 (FCCZ4).

Results similar to Figs. hold for all constraints and independent residual evaluators for
each of the families Fj—1, M;—1, M;—, W;—1 and W;—,. In all cases convergence was second order
as expected.

102 T P

[IH]]

1075 e . | |
’ 4 8 12 16

2

Figure 6.1: Convergence of I norms of ¥ and Hamiltonian constraint violations for strong field
initial data given by Table [6.4. The plotted norms of the residuals for each run are evaluated
by interpolating the results to a uniform grid which has sufficient resolution to resolve the details
of the simulation. This enables us to directly compare the convergence properties at the various
resolutions. Each of the dashed lines represents a successive refinement (by a factor of 2) of the
initial data while the solid line represents an AMR run with a relative error tolerance of 5-107°.
The grid parameters for the various unigrid runs are given in Table [6.4.
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[|M=]

Figure 6.2: As Fig. but for the convergence of the momentum constraints. Each of the dashed
lines represents a successive refinement of the initial data while the solid line represents an AMR
run with a relative error tolerance of 5-107°.
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Figure 6.3: Magnitude of the 3D Ricci scalar, R, evaluated at (0,0) and the [, norms of the
Hamiltonian and momentum constraint violations for the AMR runs shown in Figs. and
Post-dispersal, the solution becomes dominated by a non dispersing Hamiltonian constraint viola-
tion. Our critical search AMR simulations maintain constraint violations to about 1 part in 500
relative to the magnitude of the relevant fields throughout collapse.
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6.5 Results

6.5.1 Massless Scalar Field

We choose to include simulations of massless scalar field collapse in order to test the accuracy of our
simulations and to verify the utility of our analysis methods. Extremely high accuracy numerical
analysis of the echoing period, A, have determined that, for the case of spherically symmetric critical
collapse, A ~ 3.4454524022278213500 [81, 111] while v ~ 0.37 is known from simulations [43]. In
this section, we verify that our simulations and analysis are of sufficient accuracy to reproduce
these results.

As specified in Table family Wj—q is given by initially spherically symmetric initial data
while family W, is initially a dipole. With family W;_q, we demonstrate that our code is capable
of resolving the spherically symmetric critical solution. By following the evolution of family W;_q
we show that our code is capable of resolving situations where the initial data bifurcates into
multiple on-axis centers of collapse. Since the results of Mendoza and Baumgarte demonstrated
that quadrupole initial data was subject to such a bifurcation, we felt that it was important to
validate our code in a similar regime. We have tuned these simulations to near the limits of double
precision with [p* — p|/p* =~ 110715 for family W;— and |p* — p|/p* ~ 1 - 10~ for family W;—;.

Consider the proper time, 7, of an inertial observer located at the accumulation point such that
the observer would see the formation of a naked singularity at 7 = 7. The echoing period, A, is
then calculated using three somewhat independent methods. First, Ay is computed by taking the
mean and standard deviation of the period between successive echoes at the center of collapse when
viewed as a function of —In (7* — 7). Second, Ay comes from Fourier analysis of the dominant mode
at the center of collapse in a similar frame. Third, Aj is calculated via the scaling relation ,
which results in an observer independent method given by

Az ~ % (In|py — p*| —In|pe — p*|) . (6.80)

Here, N is the number of echoing periods observed between simulations with family parameters py
and po, respectively. Table summarizes the results using all three methods.

Plots of the lapse, «, and the scalar field, u, as a function of logarithmic proper time evaluated
at the approximate accumulation points are shown in Figs. and for families W;—q and W;—q,
respectively. Here, approximate accumulation points are defined as coordinate locations, (z,p),
of maximal scalar curvature encountered during the course of a subcritical simulation. These
plots enable both direct and indirect calculation of A via the DSS time scaling relationship
and , respectively.

Unlike the W;—q case, we find that for the family W;_;, the solution bifurcates into two centers
of collapse. This in turn makes the determination of the world line of the privileged observer
non-trivial. As we are starting from time symmetric initial data, the ideal solution would be to
integrate the world lines of a family of initially stationary observers and choose the one which was
nearest the accumulation point at the closest approach to criticality. Unfortunately, our code is
not currently set up to perform such an integration.

As a quick and potentially poor approximation, we choose the world line of an observer who
remains at the approximate accumulation point throughout the evolution. This approximation is
potentially error-prone because of its gauge dependence and the fact that the observer is generically
non-inertial. However, for the case of the W;—; simulations, the solutions very quickly approaches
two on-axis copies of the monopole solution so relatively little error appears to have been introduced
by this choice.
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Figure 6.4: Lapse, a, and value of the scalar field, u, as a function of —In (7% — 7) at the center of
collapse (in this case the origin). Here, family W;— data is used and both marginally subcritical
(solid line) and supercritical (dashed line) solutions with [p* — p| /p* ~ 1-107% are shown. Since
the scalar field quickly approaches the critical solution with an associated strong-field scale that
significantly decreases with each echo, we are able to accurately determine 7 to ~ 1-1075. Direct
measurement of A from p gives Ay = 3.43(3), Az = 3.5(4) and Az = 3.6(4).
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Figure 6.5: Lapse, «a, and value of the scalar field, p, as a function of —In (7% — 7) at the center
of collapse (in this case z &~ 0.594). In this case family W;—; data is used and the marginally
subcritical (solid line) and supercritical (dashed line) solutions have been determined to an overall
accuracy of |p* — p| /p* ~ 1-107'4. Here, 7* is computed to ~ 1-107°. Direct measurement of A
from p gives Ay = 3.44(4), Ag = 3.4(3) and Az = 3.2(4)

The inverse Lyapunov exponent, 7y, is calculated by fitting scaling laws of the form for
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the maximal energy density, pmax, and 3D Ricci scalar, Rpyax, encountered during the course of a
subcritical simulation. In these fits, we make the assumption that the dominant contribution to
the putative universal periodic function is sinusoidal. As the specific region in parameter space
where the scaling relationship is expected to hold is unknown (the uncertainty in p* contaminates
the values close to criticality, while radiation of dispersal modes contaminates the data far from
criticality), we average a number of fits to reasonable subsets of the available data.

Ideally, we would calculate v via the maximal scale of some invariant quantity such as the
4D Ricci scalar (equivalently VyuVAu) or the Weyl scalar. However, calculations using frame
dependent proxies such as the energy density, pr, seem to be common in the literature and we
have adopted this approach. In the case of collapse at the center of symmetry we note that pg is
linearly related to the invariant 7. Figs. and demonstrate the determination of v from pg
and R for families Wi—y and W;—;. Again, our results for v along with those for Ay, As and Ag in
the case of the scalar field are presented in Table 6.5

—— Wi=0,7 = 0.373(4)

10° A Wi—1,v = 0.373(5)
107 .
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Figure 6.6: Inverse Lyapunov exponent, -, determined via the scaling of the energy density
pE. Plotted here are the maximum values of pg obtained in each subcritical run as a function of
|p* — p| /p*. The energy density has dimensions M ~2 and therefore scales according to [p* — p|_2w.
Superior accuracy would be obtained by fitting to the maximum value of the 4D Ricci scalar or
another invariant quantity. The lines represent an averaged fit to the underlying data.

Famﬂy Al AQ Ag Y
Wi—o 3.43(3) 3.5(4) 3.6(4) 0.373(4)
Wi—1  3.44(4) 3.4(3) 3.2(4) 0.373(5)

Table 6.5: Estimated scaling exponents for axisymmetric scalar field collapse. The results sum-
marized here agree with previous investigations to within the estimated error of our calculations.
Although Aj is far less precisely determined than A1, it can be found in the absence of knowledge
concerning a privileged inertial observer.

The excellent agreement between our computed values for the scaling exponents and previously
established results for the massless scalar field demonstrate the accuracy of our simulations and the
validity of our analysis. For AMR simulations, where it is impossible or impractical to establish
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Figure 6.7: Inverse Lyapunov exponent, 7, determined via the scaling of the 3D Ricci scalar
R. Plotted here are the maximum values of R obtained in each subcritical run as a function of
|p* — p| /p*. The Ricci scalar density has dimensions of M2 and therefore scales according to
lp* — p|_27. As in Fig. the lines represent an averaged fit to the underlying data.

the existence of convergence close to criticality, this process serves as an important verification
and validation stage before the presentation of new results. It is worth noting that some previous
studies [18, 44, 58] have presented evidence for a non-spherical unstable mode near criticality in
scalar field collapse. We see no evidence for such a mode for either our W;—g or W;—; calculations,
but have not examined this point in much detail.

6.5.2 Einstein-Maxwell System

With our methodology established and verified via investigation of the massless scalar field, the
analysis of the critical collapse of the Einstein-Maxwell system proceeds in parallel fashion. We
first consider the previously unstudied families Ej—y, M;—; and M;— defined in Table[6.2, Once the
behaviour of these solutions has been described, we turn our attention to the families of Table
which were originally studied by Baumgarte et al. [20], and Mendoza and Baumgarte [85]. In what
follows, we define the approximate accumulation points as the coordinate locations of maximal
| Flu F'*| encountered during a subcritical run.

No bifurcations about the origin were observed for the dipole families M;—; and E;—;: both fam-
ilies underwent collapse at the center of symmetry. Unfortunately, a gauge pathology prevented
family Ej—; from being investigated beyond |[p* — p| /p* ~ 5-107%. This shortcoming seems to
bear some resemblance to the sort of gauge problems encountered in evolving Brill waves towards
criticality [74] and may be able to be resolved through the use of the shock avoiding gauge sug-
gested by Alcubierre in [4] and successfully employed in [19, 21]. Fortunately, the pathology occurs
sufficiently late in the evolution to enable the extraction of meaningful information concerning A
and « for the family.

Figs. plot a and |F,, F*| at the accumulation point (in this case the origin) versus
—In (7% — 7) for near-critical evolutions of families M;—; and Ej—;. Since the collapse occurs at the
center of symmetry, there is only a single accumulation point and the observers at the origin are
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privileged and inertial. As mentioned previously, this enables A to be accurately determined via
statistical and Fourier analysis.

1.0
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Figure 6.8: Lapse, «, and invariant scalar, |F,, F'*”|, at the center of collapse for family M;—;
as a function of —In (7% — 7) for marginally subcritical (solid line) and supercritical (dashed line)
solutions with [p* — p| /p* ~ 1-10713. Unlike the case of the scalar field, the strong-field scale of
the critical solution only slowly decreases (i.e. A is small compared to the scalar case) and 7" can
only be determined to a relative tolerance of about 10~%. Direct measurement of A from F, P dad
gives A; = 0.64(2) via statistical analysis, Ao = 0.63(3) via Fourier analysis and Az = 0.59(6)
from (6.80).

The analysis of family M;—s is both more interesting and more involved than that of families
M;—1 and Ej—;. In this case, and similarly to what is observed in the case of the massless scalar
dipole, as the critical parameter is approached, the solution bifurcates into two on-axis centers of
collapse. After this bifurcation the character of the critical solution changes markedly. Specifically,
following this transition period, the growth and echoing period of the separated collapsing regions
come to resemble those of two separated copies of the M;_; or E;_; critical solutions. This change
in character is somewhat obscured in time series plots by the fact that we use the proper time of an
accelerated observer at the accumulation point rather than that of a privileged inertial observer.
Despite this, the change is evident in the growth rate, v, when calculated via the scaling relationship

1n(|F,u,l/Fuy|max) = —2’)/1Il |p _p*’ + fF (thl ’p _p*D +cr, (681)

as well as when A is calculated via . Overall, the two distinct phases of collapse can be seen
in Figs. and [6.11]

Figure shows the results of calculating v via the scalar invariant F),, F'*” which should
scale as |p* — p|_27 as in . Again, family M;_, appears to exhibit two distinct growth rates
separated by a transition region in In |p* — p|. The early behaviour may be due to a slower grow-
ing quadrupole mode or perhaps simple radiation of initial data before the critical solution is
approached. In total, the behaviour we observe appears to be consistent with the interpretation
that, after the bifurcation occurs, the critical solution becomes dominated by the same mode as for
families M;—; and Ej—;1. A summary of our estimated values of A and ~ for the families defined in

Table [6.2) is compiled in Table
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Figure 6.9: Lapse, «, and invariant scalar, |F),, F*”|, at the center of collapse for family Fj—;
as a function of —In (7% — 7) for marginally subcritical (solid line) and supercritical (dashed line)
solutions with |[p* —p| /p* ~ 1-107%. As with family M;_, the strong-field scale of the critical
solution slowly decreases and 7* can only be determined to a relative tolerance of about 1073,
Direct measurement of A from F,, F* gives A; = 0.65(3) via statistical analysis, Ay = 0.65(4)
via Fourier analysis, and Az = 0.67(8) from (6.80)).

Family Aq AV Az Y
E—; 0.65(3) 0.65(4) 0.67(3) 0.147(5)
M—, 0.64(2) 0.63(3) 0.59(6) 0.152(3)

( (

( (
Mi—; 0.30(2) (3)  0.19(4) 0.073(10)
M;—5 0.56(3) (6) 0.64(9)  0.145(6)
Eqwa  0.30(5) 0.33(2) 0.61(11) 0.164(19)
Equaa  0.59(4) (4) 0.59(10) 0.152(20)

Table 6.6: Summary of computed scaling exponents in critical collapse of the EM field for the
families presented in Tables and 6.3} The analysis of Egyuaq is presented in Section [6.5.3. Here,
the two separate rows for M;—p and Eq,,q denote fits to the distinct behavioral regions of the
quadrupole solutions; the first row is for p fairly distant from p* while the second is for p — p*.
Results in bold indicate that the measurements were made using the world line of an accelerated
observer and are unlikely to be accurate.
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Figure 6.10: Lapse, o, and invariant scalar, |F,, F*’|, at the center of collapse for family M_o
as a function of —In (7% — 7) with |[p* — p| /p* =~ 5- 10713, We use the proper time of a gauge
dependent accelerated observer located at z ~ 0.440 as our independent variable, 7, making the
interpretation of length and time scales potentially problematic. It appears that the critical solution
is divided into two separate regions (transition region shown in gray) with differing A and v. A
naive measurement of A under the assumption that our observer is approximately inertial gives
A; = 0.30(2) and Ay = 0.31(3) for the first region and A; = 0.56(3), A2 = 0.63(6) for the
second region. Application of (which is valid irrespective of the status of the observer) gives
As = 0.19(4) for the first region and Az = 0.64(9) for the second The values of Ay and Az measured
in the second region as p — p* appear to be consistent with those found for families F;—; and M;—;.

132



6.5. Results

10* 3 —— Ey—1,v = 0.147(5)
] Mj—1,v = 0.152(3)
103 3 . —— Mj—p,v = 0.145(6)
o 1 T~ T e Mi—2,~ = 0.073(10)
3 102 E
= o 3 Tt
% ]
g g0 ;
10~! E
10_2 T T T T T T T T
10719 10713 10~ 107° 1077 1075 1073 1071 101

(p* —p)/p*

Figure 6.11: Inverse Lyapunov exponent, 7, determined via the scaling of the invariant scalar
|F,,, F*| which should scale as [p* — p| 7. Plotted here are the maximum values of the invariant
obtained in each subcritical run as a function of |[p* — p| /p*. The lines shown are averaged fits of
the underlying data and the quoted values of v are the slopes of those fits. As described in the
text, fits to two distinct regions of family M;—s have been made.

133



6.5. Results

6.5.3 Direct Comparison to Previous Work.

When we compare our dipole and quadrupole results to those of Mendoza and Baumgarte [85]
and Baumgarte et al. [20], the results are broadly consistent but do not fully agree to within our
approximately determined errors. Although our work and the previous studies both indicate a
single unstable mode with v,—1 ~ 0.15 and A;—; =~ 0.6 for dipole type initial data, our investigation
into an alternative family of quadrupole type initial data is consistent with a universal (rather than
family dependent) growth rate and echoing period. In order to more conclusively determine the
consistency of our work with that of [85] and [20], we attempt to replicate the previous computations
by performing critical searches for the families listed in Table |6.3

We perform evolutions of Eqyaq to a tolerance of < 4- 1071 50 as to resolve the critical solution as
accurately as possible. Previously, this family was resolved to a relative tolerance of approximately
1-10712 [85]. The evolutions for Egipole were performed to a relative tolerance of only ~ 1 - 10~4
and for the sole purpose of verifying that we had initial data consistent with [85].

Figure directly compares our simulations to those of [85] using both our data and data
provided by Mendoza and Baumgarte [17]. This figure plots the minimum value of « on each spatial
slice for family Eguaq for marginally subcritical simulations. Comparing our data, we observe a
significant divergence at 7 =~ 18; earlier than would be expected based on the relative precision of
our searches. Similarly, the scaling of Fig. agrees with Fig. 2 of Mendoza and Baumgarte [85]
until |p — p*|/p* =~ 1-10719. Past this point, the growth we observed increases relative to what was
observed in [85].

0.2 1
£
g
3

70
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Figure 6.12:  Minimum value of a on each spatial slice for family Fq,.q vs the proper time at
the origin, 9. The data plotted here represents the subcritical simulations closest to criticality
for both our investigation (solid black line) and that of Mendoza and Baumgarte [17, 85] (dashed
red line). The lower plot highlights the difference in behaviour at late times. Note that we have
scaled 7y for the data of Mendoza and Baumgarte by a factor of = 1.003 to better align the early
minima and maxima of cy with our own data. This degree of rescaling should be understood within
the context of our simulations being only second order accurate and is performed to eliminate the
dominant source of variation in our results far from the critical point. The simulations begin to
differ markedly at 7 = 18, earlier than would be expected based on the relative precision of our
searches.
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Figure 6.13: Lapse, o, and invariant scalar, |F,, F'*|, at the center of collapse for family Eqyaq as a
function of — In (7* — 7) for marginally subcritical (solid black line) and supercritical (dashed black
line) solutions with [p* — p| /p* ~ 4-10~15. Here, the black lines show the extremal values obtained
on a spatial slice while the colored lines show the values at the center of collapse as determined
by the coordinate location with largest value of |F),, F*”| in the subcritical simulation closest to
criticality.

Assuming that family Equaq, like family Fj_o, is best described by dividing the near-critical
evolution into early and late time behaviour, a naive measurement of A under the assumption that
our observer at fixed coordinate location is approximately inertial, gives A; = 0.30(5), A2 = 0.33(2)
for the first region and A; = 0.59(4), Ay = 0.57(4) for the second region. Application of
gives Ag = 0.61(11) for the first region and A3 = 0.59(10) for the second. The large discrepancy
between the values of A computed in the first region likely indicates that the solution does not
show DSS behaviour far from criticality.

Fig. plots |F,, F*| as a function of |[p* — p| /p* and is used to determine yquaq = 0.152(20).
This in turn is consistent with the values of v determined for all other families. It is clear that the
early behaviour of family Eguaq is very different from that of family M;_o, which indicates that the
early scaling behaviour observed for both families may simply be the result of radiation of features
of the initial data on the path to criticality. Again we note that we list the complete set of A and ~
for family Equaq as well as for the families defined in Table in Table[6.6 of the previous section.

It is apparent that, close to criticality, the growth rates and echoing periods we observe for
family Equaq differ markedly from those observed in [85]. Assuming that our results are correct, we
hypothesise that the use of spherical polar coordinates with limited resolution in # [85] may have
had the inadvertent effect of leaving insufficient resolution to resolve dipole collapse away from the
center of symmetry. If this is the case, then it is plausible that the growth of the dipole mode was
suppressed in a manner similar to what is apparently observed.
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Figure 6.14: + determined via the scaling of the invariant scalar |F},, F'*| which should scale as
[p* — p|~*7. Plotted here are the maximum values of |F,,, F*| obtained in each subcritical run as
a function of |p* — p| /p*. It is apparent that although both quadrupole solutions exhibit scaling
with similar ~ close to criticality the initial behaviour is highly family dependent.

6.6 Summary and Conclusions

We have investigated the critical collapse of both the massless scalar field and the Maxwell field
in axisymmetry using the GBSSN formulation of general relativity. Our study of the scalar field
was largely motivated by the need to calibrate our numerical methods—including AMR—and to
develop analysis procedures. Nonetheless we are able to reproduce previous results on massless
scalar collapse to the estimated accuracy of our calculations. Moreover, in contrast to some other
earlier work [18, 44, 58], we find no evidence of non-spherical unstable modes at criticality. However,
as we have not examined this issue very closely we feel that it is well worth further study.

With regard to the Einstein-Maxwell system, we observe that for generic initial data a dipole
mode with v—; ~ 0.149(9) and A;—; ~ 0.62(8) seems to be dominant. If there is an unstable
quadrupolar mode, variations between the families M;—y and Eq,aq of Tables and suggest
that it is not universal.

We observe significant differences in the behaviour of family Eg,aq close to criticality relative to
the results reported in [85], although our findings appear largely similar until [p* — p| /p* ~ 1-1071°,
We hypothesize that these differences may be due to the inability of spherical coordinates to fully
resolve off-center collapse when limited angular resolution is employed.

The observed consistency between v and A for each of the families in conjunction with the
observed variance in the form of f(x) (seen in Figs. and and absence of perfect DSS
(seen in Figs. and Fig. is puzzling and requires additional study. Conservatively, it
could be that given the slow growth rate of the dipolar critical solution, our simulations have simply
not radiated away all traces of their initial data and this manifests in the apparent inconsistency

of f(z).
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Appendix A

Multiple Precision Shooting Method

A.1 Summary

In this Appendix we briefly review the shooting method for boundary value problems and our
novel extension to it—multiple precision shooting—which was used extensively to find approximate
solutions for the topological-defect boson stars of Chapter |3l

A.2 Shooting Method for BVPs

Given a set of ODEs, Lu(x) = 0 and boundary conditions Gu(x) = 0, where L and G are differential
operators and u(z) is the solution vector, we can formulate a solution as an initial value problem
at x = xo where the initial conditions are given by the guess ug(zo).

Setting ¢ = 0, and integrating the problem to the boundary regions, we find the residual res; =
Gu; and then update the initial guess using u;y1(xg) = u;(xg) — J~'res;, where J = G /0u; (o)
is the Jacobian of the boundary conditions. Upon repeated iteration ¢ = 1,2,3, ..., the solution
is expected to converge quadratically provided u;(zp) is sufficiently close to u(xzg). Even if the
problem is not well defined on the entire domain (i.e. there exist choices of u;(z¢) for which the
function exhibits discontinuities on the domain), we can sometimes use a modified version of this
method.

In the case of the mini-boson star, the only free parameters at the origin are w/a(0) and the
central amplitude ¥ (0). Fixing 1(0), we find that for w/a(0) < €;, where 2; is an eigenvalue of
the problem, the solution diverges to positive infinity. Conversely, for for w/a/(0) > €;, the solution
diverges to negative infinity. We may therefore use a binary search to find §2; precisely enough
to integrate to the asymptotic regime of the boson star, where we fit an exponential tail to the
star. The algorithms below summarize this process for the boson star (Algorithm [4) and global
monopoles (Algorithm [5)) respectively,

Algorithm 4 Boson Star Shooting

1: hold ¢(z) fixed

2: initialize ¢ (0)

3: set bounding values of w, whigh and wigy

4: set w = %(whigh + Wiow)

5. perform binary search on w, integrating ¢ (x) and
metric functions as far as possible

6: find ry.x such that bounding solutions differ by ~ €

7: fit tail to ¢(r) for r > rpax
8: integrate metric functions to asymptotic regime
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Algorithm 5 Global Monopole Shooting
1: hold ¢ (z) fixed
2: initialize ¢(0) =0
set bounding values of 0¢/0r, 0¢/0rpign and
aQZ)/a'Flow
set a¢/87" = %(ad}/arhigh + 8¢/87”10W)
perform binary search on d¢/0r, integrating
¢(x) and metric functions as far as possible
find 7.« such that bounding solutions differ by ~ e
fit tail to ¢(r) for r > rmpax
integrate metric functions to asymptotic regime

w

A.3 Multiple Precision Shooting Method

It might be asked why it is not possible to use simple functions (such as gaussians) as initial guesses
for the BVP solver rather than needing to craft nearly exact solutions with the shooting method.
In practice, we found that for an arbitrary initial guess the solution is more likely to converge to one
of the infinitely many excited boson star states [80] than to the ground state. In addition, since we
are dealing with a numeric problem on a finite domain, there are “pseudo solutions” which satisfy
the boundary conditions to within tolerance where imposed, but fail to converge to any solution
when tighter tolerances or higher resolutions are imposed. For these reasons it can be challenging
to find good initial guesses even in the absence of a global monopole.

Additionally, once the global monopole field is introduced, the ground state solutions include
shells of bosonic matter far from the origin which contain much of the star’s mass. Since these
solutions are characterized by the appearance of matter shells, an initial guess which does not have
the shells in at least approximately the correct positions is unlikely to converge.

In practice, when we supply the BVP solver with simpler initial guesses the solutions either fail
to converge or else converge to a pseudo solution for large error tolerances, then fail to converge
when subjected to more rigorous error tests. For this reason it is important to supply a very good
initial guess to the BVP solver.

Complicating the shooting process is the fact that in many cases double precision (8-byte floating
point) is insufficient to tune w such that the boson star achieves its asymptotic behavior. Fig.
displays an illustrative example, showing the result of shooting in w with double precision and how
it fails to capture the true solution. From experience, certain branches (typically those with many
shells) have necessitated finding w to better than 107" to integrate the problem to the asymptotic
regime. As double precision has a relative error of about 107!, this is problematic.

Finding a parameter to within 1071°% demands the use of extended precision libraries and inte-
grating with such a small error tolerance would be a prohibitively expensive prospect for extensive
parameter space surveys. Fortunately, we do not need to actually solve the problem to these tol-
erances. In practice, maintaining a relative error of 10712 or so is more than sufficient to provide
a good initial guess to the BVP solver. As such, we do not have to find w to within 107° of the
true value , we simply have to find w to within 1070 of a value which results in an asymptotically
well behaved solution with respect to our given step size and error tolerance.

Thus, we arrive at the following paradigm: use extended precision to differentiate between
solutions (characterized by minute differences in w) while maintaining an error tolerance of € =
10~'2. In other words, our shooting solutions maintain extremely high precision but only standard
accuracy.
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Figure A.1: Profile of the boson star profile for a solution from family b (See Table . It can
be seen that the double precision shooting method (e ~ 10716) does not localize w sufficiently to
integrate the solution to the asymptotic regime. Here we compare the true solution (black) to the
bounding solutions generated via the shooting method and observe that the integration with double
precision fails before all relevant features are resolved.

Unfortunately, computations that use extended precision libraries are extremely slow compared
to hardware implemented single or double precision operations and performing all operations to
accuracy better than 10~'°0 while maintaining an overall integration error of € ~ 107!2 seems
wasteful (particularly when the required precision is not known ahead of time and may possibly
require accuracy well beyond 1071%0). For this particular class of problem it turns out that it is
possible to do better.

Using quad precision (16-byte floating point), it is possible to integrate the equations and find
w to a precision of about 10734, Maintaining an absolute error € ~ 10716 and relative error of at
least € ~ 10712, we find the radial location, rm.x where the high and low bounding solutions differ
by some value greater than this tolerance (typically 10712 for absolute error and 10~ for relative
error) and stop the integration at this point.

We then initialize a new shooting problem at r = ry,x with the initial conditions being the
result of the previous integration and once again integrate outwards, shooting for w. This process is
repeated until the boson star profile is in the asymptotic regime. The overall process is summarized
in the algorithm below,

We typically perform about 7 of these iterations (the equivalent of about 200 digits precision in
w, allowing us to integrate out about 7 times as far as quad precision), at which point it is found
that the final value of w differs from the first by about 10710, This is acceptable considering our
desired accuracy. In practice we have found this method to be tens of times faster than integrating
with extended precision libraries while having the benefit that we do not have to know the required
precision for a given problem in advance.
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Algorithm 6 Multiple Precision Shooting Method
: hold ¢(x) fixed
initialize ¢(0)
while not in asymptotic regime do
set bounding values of w, whigh and wigy
set w = %(whigh + wlow)
perform binary search on w, integrating
¥ (x) and metric functions as far as possible
find 7.« such that bounding solutions differ by e
initialize 1) (ryax) with bounding solution at rpyax
9: end while
10: integrate metric functions to asymptotic regime

A.4 Generalization to Arbitrary Shooting Problems

This technique works well beyond what is described here and can be easily applied to any problem
in which the solution diverges in a predictable manner. Simply put, if we have a true solution,
¢o(z), a parameter on which the shooting is applied, 7, and the error between the true solution
and numerical solution ¢(x) grows faster than (y —~p) 2™, n > 1, it will always be possible to find
a region in which ¢(x) — ¢o(z) is small but large compared to v — . We can then re-initialise the
shooting at this point while introducing errors well below the desired tolerances. Effectively, we
are adding a perturbative error to “kick” the numerical solution back towards the critical solution.

Algorithm 7 Generalized Multiple Precision Shooting Method
1: initialize ¢(0)
2: while not in asymptotic regime do
3: set bounding values of 7, Yhigh and Yiow
4: set v = %(’}/high + PYIOW)
5: perform binary search on -, integrating
¢(x) as far as possible
6: find .4, such that bounding solutions differ by e
7 initialize ¢(z,4,) with bounding solution at 4,
8: end while

Note that this method works for problems where we are shooting on the initial value or derivative
at © = 0 as well. In this case, when we restart the integration, it is restarted with a small
perturbation on ¢(xg) or one of its derivatives and it is the magnitude of this parameter upon
which the additional shooting is performed. Additionally, there is no reason why this method
should be constrained to the realm of quad precision. Using double precision integration will speed
it up astronomically at the cost of lower overall accuracy. If we are using this method to find an
initial guess for a generic BVP solver, rather than in a solution in its own right, even single precision
integrators maintaining a relative error of ~ 1072 may prove acceptable.
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Appendix B

Linear Perturbation Equations for
Minimally Coupled d-Stars

B.1 Equations of Motion

We start with the 3+1 equations in polar-areal coordinates and take T}, to be the combination
Ty = Tfy + Tg/ as defined in (4.4)—(4.5)). In this gauge, the evolution of the metric function, a, is
governed by

T
da =~ (B.1)
2
the Hamiltonian constraint is
2rd 2r2 T
L L (B.2)
a o
and the slicing condition takes the form
2rad T,
2ropa = raona (aTrr S tt) 2+ 2a (a2 —1). (B.3)
a o

Note that (B.1) is redundant but provides a useful non-trivial consistency test for the system.
In both the evolutionary and stationary cases, the Hamiltonian constraint and polar-areal slicing
condition may be arranged to give explicit expressions for d.a and 0., respectively. In this
form, the Hamiltonian constraint is completely independent of «, and the constraints may be
independently integrated. Moreover, since the constraints are first order in r, no boundary value
solver is needed.

To simplify the resulting equations, we define the following quantities:

1
R T R T By
Ay = (prPR + ¢1P1) € + EcA*dr P, (B.5)
Ay = (¢rllg + ¢/111) €5 + EcA%Pp T, (B.6)
5 =2+ 2A.1C. (B.7)

Upon substitution of (B.4)—(B.7) into (B.1)-(B.3), we find the following equations for a and o

26 Cra (op0r Iy + T @) N 26pCra(Ir®r + ;P + @O, IR + ¢10,117)
N 1) 1)
 20ra (§eA%OuTTy + Ep (9RIIR + ¢1111)) Bra
oa
N Cra (IIgPpr + 1@ + A%y @y + HpPp)
5 9

dra (B.8)
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20%¢)°

49, 2 2 1
“ora [_2‘/_72+M<_(¢%+®%+H%+H%+(D%’+H%’ (B.9)

2 g
+ A% [@3, + 1T3]) — 4 (0RO PR + 010,®; + P% + ©F) &5 — 4 (40 0rPur + DY) A%
8A7« 4At8ta 4A 8 a
- + Ca

r « Cl

oo ada o o alA?¢3,  (PrOMR + ¢1001) Eg + A%Eqdn 0Ty
& R +
ar adr  r2  a?r? r2 a
(B.10)
aép (*QbRar(I)R + H% — ‘b%) aép (*QZ)]@T(I)[ + H% — (I)%)
+ 2 + 2
a a
b A? (—ppr0, @y + 13, — B2 4N A,
L (—oum 2+ 1Ty M) 2057—87«(8) .
a a?r a a
B.2 Linear Perturbation Theory Equations
Following the decomposition of Section 4.6, we write the boson star field, U, as
U =e " (Yr+ivs) = or + i1, (B.11)
(bR(r’ t) = COS (Wt) wR(rv t) + sin (Wt) ¢I(7’a t): (B12)
¢[(T, t) = COS (Wt) ¢1 (Tv t) — sin (Wt) ¢R(r7 t): (B13)
and perturb about the stationary solutions pg(r), vo(r), o(r) and ¢o(r):
u(r,t) = po(r) + edu(r)et, (B.14)
v(r,t) = vo(r) + edv(r)e?, (B.15)
Yr(r,t) = Yo(r) + edr(r)e’™, (B.16)
by (r,t) = %Cw,meiﬁt, (B.17)
Prr(r,t) = ¢o(r) + edop(r)e™. (B.18)

Expanding the equations of motion to first order in €, we find a complicated set of equations for
linearized non-minimally coupled perturbations. To reduce the complexity of these equations, we
restrict ourselves to the minimally coupled case (ég = {¢ = 0) whereby the stationary solutions
satisfy:

m2 2 4 (42  1)\2 2 2
Orpro = ((Ai% + < > d )% Al (fo 1) ) el + 7A (827»¢0) (B.19)
( rw()) r _|_ (A2¢g - 1) et
/r. bl
4042  1)\2 2

)
r

<rwo ) 1+(A2¢o—1)e“°
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Do = (ABwé’ + <m - > ¢o> ero 4 (82“0 - % - i) B, (B.21)
2oc (Do Oyvo 2
0260 = AaA? (85 — do) e + ‘ﬁ;}f + ( - 2”“ = r) B, o, (B.22)

and the equations for the perturbed quantities reduce to the following:

2
9, 0N = 23 (Bo—v0) (W + (W5¢R 1/’1) ?/)0) (B.23)
2 2 2 2,2
0,51 = ((AGA‘* (68 — do) + 22 ¢°) 56+ <A3f’° n (2 - )wo FAL gy
4 2 2 2
= (fo ! ) O+ ABUovR - w;ﬁof - <(m2 " f) Sn

_ wlthr

evo

2.2
Oy6v = <<2AgA4 (¢0 — 7)) — w ¢°> 5 — ()\ At (g2 —1)% + (Af;” (B.25)

) wo) ¢ 4 1A (8,60) (8,56) + 1 (Do) (3,50r)

+2m%R + ABw(‘%) 5 — 2 (At +m*y) (wR) ehor + 9,51,

_ _ 2
8250 = % (aTMO By — ) o,50p + oK 82’"5”) 0o | ((5” gﬁf)) Yo (B.26)
_ 2 2
+ (m® 4+ 3Apg) ¥R + (Mo + App) dp + 2obyr (:VO+ ) WR) e,
2
2o = % <3ruo — Opp — > 00y + <<m2 + Apvg — (w;ﬁ)> oy (B.27)
+w52 (6p —dv) 9o N 2w525¢R> eho.
2evo evo
025 = = < o — Op 1y — ) 0,00 + ((AgAQ (3¢5 — 1) + Ti) 5o (B.28)
2 _
" ()\GAQ (68 — o) + %>O> - %) oo 4 (Orpi1 82TV1)37~¢0,

Given that the deviations from the stationary solutions given by involve perturba-
tions of three dynamic fields (with the metric perturbations having no dynamic freedom of their
own), it is not immediately obvious that the perturbations should be purely exponential or os-
cillatory in time. For example, one could imagine perturbations involving under or over damped
oscillations corresponding to complex 52 Here we follow the work of Jetzer [65], and demonstrate
that a set of equations equivalent to may be written in the following form,

Lijfj = _BzeHO—VOGijfj’ (B29)

where L;; is a Hermitian differential operator, fj is the solution vector and G;; is a diagonal matrix.
It then follows that the eigenvalues of the above pulsation equation (for 32) are purely real. As
before we expand our fields about the stationary solutions, but do not yet enforce exponential time
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dependence:
w(t,r) = po(r) + edu(t,r), (B.30)
v(t,r) =wy(r) + edv(t,r), (B.31)
Yr(t,r) = o(r) + edr(t,r), (B.32)
Yr(t,r) = eo(r)ovr(t,r), (B.33)
o(t,r) = ¢o(r) + edp(t,r). (B.34)

Substituting these expressions into the equations of motion for the fields and metric and trun-
cating to linear order in the perturbation, we find a coupled system of perturbation equations. In
particular, the equation G,; = T,; produces the following simple expression for Ju:

0o =1 (A% (9:5¢) (Bro) — (8r6%1) Yiw + (Drtb0) (Drtbr)) - (B.35)
With the substitution

Sy = Do, (B.36)
(B.35) becomes a total derivative with respect to time and may be integrated to give,
b =1 (A2 (00) (9:00) + (50m) (Brv0) — (wi}) 0,00 ) (B.37)

We may also obtain an expression for dv by solving the perturbed Gy = Ty equation for év and
substituting the relevant expressions for 617, dp, 021, O?¢o, Orpio, and O,vg:

wALAY (62— 1)2 0,60 250 205¢" (9,041
_reAGAT (96 = 1) 0¥ 200001 | n2 (54 (,00) - — 0 (20)

2w w W

v = (B.38)

4 2,12
+ ¥ (2 N ()\Bwo + 2m wo)r> 87«57[1[ —Tww(% (&«51;1) + <Tarw0 + 4) 5¢R

rWw 2w o

42 ((281;% + 1) 0,501 + a,?(szh) v

0 T wekro

With the perturbed metric functions now defined solely in terms of the stationary solution
and perturbed matter fields, we find expressions for 920g, 85’6@51 and 026¢ through substi-
tution. At this stage, the perturbation equations consist of three second order expression in
f; = (6¢r, 0,017, d¢) with all time derivatives appearing as second order expressions. Substituting:

Sty (r,t) = 6pr(r)e, (B.39)
SYr(r,t) = 0vp(r)e’, (B.40)
Sp(r,t) = 6p(r)et, (B.41)

we may write our coupled perturbation expressions as,
Lijfj = —p2etomof;, (B.42)

where ﬂij is a second order, non-Hermitian operator of the following form:

2
%—i—al%—l—bl 61%—1—(11 el
2
cof+dy L tasd +b ho . (B.43)
e h 2 1 ag +b
3 3 or? aspy + 03
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B.2. Linear Perturbation Theory Equations

Here, all subscripted quantities should be understood to be functions of 7. The goal is now to
find a diagonal matrix, M;;, such that L;; = M;;L;; is a Hermitian operator of the form

%Mg%JrBl a_gcym E
Clg + Dy WMQW + By H; , (B.44)
E; H, 2 M4 + Bs
and
M, 0 0
Myjj=1]0 My O0]. (B.45)
0 0 Ms

Fortunately, this turns out to be a well defined problem and the M;’s and (' take the form:

M, = r2ez(o—ho) (B.46)
My = 7"26%(”0*"0)1#(2), (B.47)
Ms = TQAze%(”O_“O), (B.48)
C) = Q(Ma?w)e%(Vo—uo)7 (B.49)

while the remaining terms are sufficiently cumbersome that it is not particularly enlightening to
write them out explicitly. One could, of course, use the equations just derived to solve the per-
turbation problem rather than . Unfortunately, as is often the case with such matters,
by the time we verified that the equations permitted only real eigenvalues, the previous formalism
had already been adopted and investigated. Due to the significant reduction in complexity these
equations represent, we would highly recommend future work to follow this approach rather than
the more direct method we adopted.
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Appendix C

Derivation of the GBSSN Formulation

Heuristically speaking, BSSN type formulations are particularly useful as they re-express the ADM
equations in strongly hyperbolic forms conducive to stable numerical evolution. The original BSSN
reformulation of the Einstein equations is accomplished by factoring out a scale factor, x, from the
3-metric, decomposing the extrinsic curvature into trace and trace-free components and promoting
the contracted Christoffel symbols to evolutionary variables. As tensor equations, the form of
the ADM equations is invariant under a coordinate change. However, in their standard form, the
BSSN equations are derived on a flat cartesian background which simplifies the derivation but
breaks the explicit covariance of the ADM equations. We note that the Bona—Masso [27-31] and
NOR formulations of Nagy et. al [90] achieve hyperbolicity in a similar manner. However, neither
of these approaches adopts a conformal decomposition.

GBSSN (Generalized BSSN), differs from the standard form of the BSSN equations through
the introduction of an arbitrary (but typically flat) background metric [9, 37]. This permits us to
write evolution equations for the difference between the two sets of contracted Christoffel symbols
(a tensorial quantity). In doing so, we maintain explicit covariance of the EOM while canceling
the divergences in the Christoffel symbols which frequently appear in non-Cartesian coordinate
systems.

In this appendix we rederive the GBSSN formulation of Brown [9, 37]. This rederivation was
done in part to verify the EOM, but primarily as practice in preparation for the derivation of our
RCCZ4 formulation detailed in App. [El

C.1 Conventions

The GBSSN formulation of Brown [9, 37] starts by foliating 4D spacetime into a sequence of
spacelike hypersurfaces, ¥;, with each hypersurface having a 3-metric 7;;. The standard ADM
equations decompose the 4-metric as

ds® = —a2dt® +~;; (da' + Bidt) (da? + B2 dt) . (C.1)

Explicitly, the 4-metric and its inverse are

Gy = <goo ng) _ (—042 + 8% B 5j> (C.2)
i gio  Yij Bi Yij )’
00,05 _1 B
w _ (9 g”): a2 a? C.3
g <g10 gw % ’}/ij . ﬁ;# ) ( )

while the unit normal to the foliation, n*, and projection tensor, v*,, may be written as:

ny = (—a,0,). (C.4)
b — <; —f:> , (C.5)
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Y, = 9"+, (C.6)
k )
= (7 0, (©7)
with « the lapse and 3 the shift. Adopting the convention that £,, is the Lie derivative along ant:
Ly, =0 — Lg, (C.8)
the ADM equations of motion are:

Lvij = —2aK;;, (C.9)
LmKij = —DiDjo+ o (Rij + KKy — 2KikK’€j) +dma (155 (S — p) — 285), (C.10)

and the Hamiltonian and Momentum constraints are, respectively:
H= % (R+ K? — K;;K") — 8mp =0, (C.11)
M'=D;K" —49D;K — 8rj* = 0. (C.12)

In the above equations, the extrinsic curvature, Kj;;, and 3D Ricci tensor, R;;, are:

1
Kij = =5 (0rvij — Lgvig) (C.13)
Rij = 2T 49 + 207 Ty, (C.14)

and the spatial stress tensor, S;;, stress, S, momentum density, 4% and energy density, p, take their
usual forms:

Sij = 77" Tag; (C.15)
S =g, (C.16)
ji = —vijy“jn”TW, (C.17)
p=ntn"T,,. (C.18)

In all of the equations above, we have denoted the connection of the induced 3-metric as D while
the connection of the 4-metric is V. Specific connections are denoted with accents. In particular,
ﬁ, D and D are connections with respect to conformal, flat and placeholder 3—metric@ In what
follows, we make extensive use of the following relation between the D and the V connections

nyTalmapﬁ1~~~,3q — 7a1u1 . ryapupryl’lﬁl ... /yl’qﬁqrya,yvéTul"'“Pl,l_,_l,q, (0.19)

where TH1"Hr,, ., is an arbitrary tensor in 3. We also make extensive use of the following rela-
tionships linking two connections on the same manifold:

CVop =TTap —T0g, (C.20)
VT _ % Toan n oo Tal,,.g...an 21
gl Brfm = Vo Bl“ﬂmJFZ 78 Br--Bm (C.21)
r=1
m
=Y O Ty,
r=1

5In Chapter |5| we use D to denote the conformal connection instead of D. In these sections, hats are reserved to
denote the frequency space representations of various quantities.
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C.2 Derivation Overview
We begin by defining the conformal 3-metric, 4;;, and conformal factor, x, as
Yij = e Ny, (C.22)
with an associated trace, 4, given by
4 = e 12X, (C.23)

In the original BSSN system, the conformal metric is taken to have unit determinant. However,
as y encodes an arbitrary rescaling of the 3-metric, we are free to choose an evolution equation for
4. Of all the possible choices, there are two particularly natural ones:

O = 0, (C.24)
Oy — L7 = 0. (C.25)

The first of these, , is designated the “Lagrangian” choice as it follows (and is adapted to)
the coordinates, while the second, , is referred to as the “Eulerian” choice. As the Eulerian
choice does not lead to a reduction to the standard BSSN equations in Cartesian coordinates, we
stick to the Lagrangian choice for the remainder of the derivation. Note that since 4 is not a true
scalar, but rather a scalar density of weight 2, its Lie derivative is

Ly = B'OA + 270, (C.26)
where we have used
‘CB (f,yn/Z) — 'Yn/Qﬁlazf + fﬂlaf)/n/Q + n,yn/2alﬂz (027)
Now, from the definition of 4, we have
_ (Y
x=35ln <7> (C.28)
and using Eqns. (C.28) and (C.9) we find:
1 (O Oy
Ox = B < Y "5 ) (C.29)
1 1.

Next, we define the trace-free extrinsic curvature, A;;

- 1

Aij = 6_4X <K7,] - 3’}/in) y (031)
as well as the contracted Christoffel symbols, f‘i, and the dynamic variables Al (sometimes referred
to as the conformal connection functions in analogy with BSSN):

T = 1749k, (C.32)
Aty =1y — T, (C.33)
Al =17 - T, 47F, (C.34)
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Although neither K jk Or N jk are tensors, the difference between the two, Aiij, is a proper tensor.
This fact may be verified by considering the action of an arbitrary coordinate transformation on
the difference. As such, A%, is a true vector and an evolution equation for the quantity may be
written in fully covariant form. After a significant amount of manipulation, the EOM take the final

form:
1 1~ m
o 2 ~
LnAij = —2aAi; — g'%ijﬁmv (C.36)
. 2 . . . o
/-:mAij = 674X [—DiDjOé + OCRZ‘]‘ — 87rOzSZ‘j]TF — gAiij,Bm + « (KAZ‘J' — 2AikAkj) s (0.37)
o 1
LK =—-D*a+a <AijAZ] + 3K2> +4dra(p+5), (C.38)

LonAF =35m0 D D3 — 2D, (afv‘m) 20 A™AL % [Di (Dnﬁi) n QA@HB”} . (C.39)

while the Hamiltonian and momentum constraints become:

1 2 A A
H:2<R+3K2—Ai]’AU>—8ﬂ'p:O, (040)
, 9 N
M= e~ (DjA” ~ S3UDK + 647D, - 87er> ~ 0. (C.41)

In the above equations, all “hatted” quantities are raised and lowered with the conformal metric.
“TF” denotes “trace free” with respect to the 3-metric 7;; and not 4;;. Finally, the Ricci tensor
may be split into scale-factor and conformal components as:

Rij = Rij + R, (C.42)
~ 1 R o o R o ~ ~ ~ ~ ~ ~ ~
R = —2D;Djx — 24, D" Dyx + 4DixDjx — 44i; D*x Dy x. (C.44)

It transpires that, with the evolution equation given for Al above, the GBSSN formulation is
only weakly hyperbolic. By rearranging the momentum constraint (C.41) into an expression for
D. A

J

a9 e ..
DAY = SAYD;K — 649D + 8xj', (C.45)

and substituting this into 1) the evolution equation for A’ we recover a strongly hyperbolic
formulation:

LA =57 DDy~ 24 Dy + 20 A7 Al + 1 [DF (Do) + 280,67 (C.46)

A 2 . N
+20¢ (GA”DJ'X — g"A)/UDjK —87le> .

C.3 Hamiltonian and Momentum Constraints

Substituting the GBSSN variables into (C.40), the definition of the Hamiltonian constraint, we
find:

1 2 A A
H = 5 <R+3K2—Ai]’AU> —8mp=0. (047)
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Similarly, (C.41)), the momentum constraint, becomes:

i _ - A Ri 2P Qi 7 %
M = e X (DjAJ— JDjK—l-GAJDjX—g?Tj):O. (C.48)

w

C.4 Evolution of 7;;

Although essentially trivial, we include the following simple derivations for completeness. Starting
from the ADM equation for the evolution of the 3-metric

ﬁm%‘j = —204Kl'j, (0.49)

we substitute the definition of the 3-metric (C.22), in terms of the conformal metric and conformal

factor, into (C.49):

,Cm (’%]’64X) = —QOéKij, (050)
,Cm’%j = —4’%]‘,me — 20[674XKZ‘J‘, (C51)
R 2 2 4 _

Expressing K;; in terms of Aij, x and K via 1} we find the GBSSN equation for the evolution
of "Ayl‘j:

. i 2, 4
LmAij = =205 — §%‘ijﬂm.

C.5 Evolution of K

Beginning with, (C.10]), the ADM equation for the evolution of the extrinsic curvature, we contract
with the 3-metric:

*CmKij = *DZ’DJ'O[ + « (Rl] + KK” — QKZ‘kKk]’) + 4o [’Vij (S — p) — 25”] , (052)
YILnKij = —D;iD'a+ a (R+ K* — 2K;; K7 + 4ma (S — 3p) . (C.53)
Next, we express the evolution of the extrinsic curvature trace in terms of (C.53) and (C.49):

LK =Ly (VEK;), (C.54)
= ’}/ijﬁmKij + QOéKinij,
= —D2a+0z(R+K2) +4ma (S —3p).

We rearrange the Hamiltonian constraint, (C.41)), as an expression for R and substitute it into (C.54]),
yielding ((C.38), the GBSSN evolution equation for K:

N 1
L. K =—-D*a+a (AijA” + 3K2> +4ra (S +p). (C.55)
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C.6. Evolution of Trace Free Extrinsic Curvature

C.6 Evolution of flij

Starting with (C.10), the ADM equation for the evolution of the extrinsic curvature, we re-express
the right hand side of the equation in terms of the GBSSN quantities:

,CmKij =-D;Dja+« (Rz‘j + KK;; — 2KikKkj> + 4o [’yij (S—p)— QSZ‘j} , (C.56)
“ 1
=-D;Dja+« [Rij + K (Aij64x + 3’%]‘64XK>:| +4ra [’yij (S—p)— 251‘]‘]
N 1 A 1
— 24" e (Aike‘lx + 3me4><K) (Amje4>< + 3*ymje4XK> :

1 . 1 . P
= —DiDjOé + « |:Rij + ex <3KAZ']' + §K2’Yz‘j - 2AikAkj>:| + 4 [%‘j (S — p) — QSij] .

Next, we express the left hand side in terms of the GBSSN quantities and substitute the evolution
equations for K, x and 4;; respectively:

A 1
ﬁmKZ'j = ﬁm <Aij€4x + 3’%j€4XK> 5 (057)
4 ~ 1 ~ 1 ~ ~ 4 ~
=X ,CmAU + g’nj,ch + gK['m’Yij + L x 4Aij + g%’jK .
Combining the above and solving for Emflij, we find:
EmAij = 6_4X |: — DZ'DjOé + Rz'j + 4 (’)/Z'j[s — p]—QSij) (C.58)

1 P |

— 3% <—D2a +a [AUA” + §K2 + 41 (S +p) — K2] ﬂ
. + ok 2.

+ « [KAU — 2AzkA j] — gAl]Dmﬁ .

Defining the trace free component of a rank 2 tensor B;; as

1
B = Bij — 5%3, (C.59)
we substitute the Hamiltonian constraint for R to find:
1 2 P,
Rij =R+ 3% <167rp - gK2 + AijAU) : (C.60)

Substituting (C.60) into (C.58) and simplifying using the definition of a trace-free rank 2 tensor we

arrive at:
2

ﬁmAij = e X [—DiDde + CMRZ']' — 87TOASZ‘J']TF 3

Az]ﬁmﬂm + « (KAW — 2AikAkj) . (0.61)

C.7 Covariant Decomposition of the Ricci Tensor

In what follows, recall the following identities valid for a general metric 7;;:

~. 1

inj = 58] anN, (062)
~ . -1 — .
M= ——0; (V). (C.63)

il
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C.7. Covariant Decomposition of the Ricci Tensor

and the relation linking the covariant derivatives associated with different metrics, derived from
the metric compatibility of each connection with its respective metric:

~

Divik = 2C i, (C.64)

We want to express the Ricci tensor I;; in terms of the Ricci tensor }N%Z] Working towards this,
we start by expressing the difference between the Riemann tensors associated with ~;; and ¥;;:

Rju — R jg = 203, + 2175, T — 205,15 — 207 ™y (C.66)
Making use of the following identities:
%[kcil}j = OpC'yj — fim[kcml]ja (C.67)
CloitC™ 0 =T it C™ 151 — Tt C ™11, (C.68)
=il = Tl ™),
our expression for the Riemann tensor becomes:
Rjj = Rl + 2V 0y + 207,5.C™y (C.69)

Expanding (C.66), lowering with ~;; and simplifying our expression becomes:

Rijit = YinR" 1 + Yin (%kcnlj - %lcnk]) + CimkC"1j — CirmiC™' iy - (C.70)
Now, making use of the following expressions:
. 1 . s~ - .
C'y = i’Ym (Vﬂkm + ViYVim — Vm’ij) , (c.m)
. 1 e . . A
ViChj = 5’7”” (Vkvl'ij + ViVivim — Vka’Ylj> — 20U, Cs, (C.72)
%l%k'}’ij — %k%l%j = -émilk'}/mj + Emjlk'Ymi) (C.73)

equation, (C.70), our expression for the Riemann tensor, can be written as:

1 ~ ~ ~ o~ ~ o~
Riju = 5 (%'mijkz — Yim R ikt + 2V Vv + QVlV[ﬂj]k> + 2C i C™ k5 - (C.74)
Contracting on the second and fourth indices, we begin the process of finding an expression for the

Ricci tensor

—_

. - 1 a o
Rij =5 ( M R — Rlijl) + §7mnvjvm%’n + CrniC™™j — CrgjC™ (C.75)
1 -~ ~ . .~
- §’Ymn (anm’)/zg + V]Vzp}/mn - vmvi")/jn> .

Making use of the expression for the commutator of covariant derivatives of ;;, (C.73), this ex-
pression simplifies considerably to

mn L (o & SAY SAY SV
Rij = —v kan(ﬂj)k -3 (van%j + ViViYmn — ViV Yjn — Vjvm%n) (C.76)
+ CrniC™"j — Cpij C™ .
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C.8. Conformal Covariant Ricci Tensor

Finally, using the easily verified identities:
ViCly —V;Cly =0, (C.77)
fym,-%jC’m = %jCz — C””C’m” - CmCl-mj, (078)

our expression for the Ricci tensor takes the following form:

1 ~ ~ ~
Rij = =57 Vi Vayis + VaCj) + 20 (Cjymp + Conni €™ (C.79)
— Cmiij — ”Ymnﬁkmn(i’}’j)kv
1

= _§7mnvmvn7ij + Y@ Vi C™ + C"Clijym + 2C™" (:Chymn

+ Cmnicmnj - r}/mnékmn(z')/g)k

C.8 Conformal Covariant Ricci Tensor

We wish to express the 3-Ricci tensor in terms of explicitly covariant components and divide it into
a conformal component, R;; and scale component Ri‘] We begin by expressing the Ricci tensor in

coordinates adapted to the foliation. For an arbitrary vector v/, the contraction Rijvj is given by:
Rijvj == DjDin - DiDjvj, (CSO)
= ]A%Z'j'l}j + ’Uj[)kAkij — Ujf)iAkjk + AllkAkij’Uj — Akh’Alkj’Uj.
Substituting the definition of the conformal metric and simplifying, we find:
Ak =2 <5kiij + 6% Dix — ’%jf)kx> ; (
Al = 6D;x, (C.82
DiAkkj = GDZ'[)jX, (
DyA¥;; = 4D;Djx — 23;; D%, (
which allows us to write R;; as:

Rl'j = f%ij + RX (0.85)

17
RY, = —2D;Djx — 2% Dy D*x + 4D;xDjx — 43i; Dyx D*x. (C.86

~—

Finally, we wish to express Rij in a concise, explicitly covariant form. After a fair amount of
manipulation (as shown in Section |C.7)), the following covariant expression for the Ricci tensor can
be derived:

A ]_ o o o ~ ~ ~ ~ ~ ~ ~
Rij = _§7manDn;)/ij + ;}’m(zD])Am + AmA(zy)m + 2Amn(zA])mn + AmniAmnj (087)
- ’ymanmn(zﬁ/j)k

As our background metric, v, is flat, our final expression for the conformal Ricci tensor becomes

1 R o o R o N ~ ~ ~ ~ ~ ~
Ri; = —3 " Din DyAig + YD) A™ + A" A Gjym + 2™ A jymn + A" A (C.88)
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C.9. Evolution of Contracted Christoffel Quantities

C.9 Evolution of A
We begin by expressing A’ in terms of covariant derivatives on the flat metric:
DA = 0,4 + <fijk - fijk> k9 4 (fjjk - fjjk) SIS (L L (C.89)
= 949 - ATy (@ nd - dn) A,
A 1o @)w
We assume the Lagrangian perspective (0;9 = 0) and constrain the determinants of the flat and
conformal metrics to be equal on the initial time slice. Under these assumptions
Al = —D54, (C.90)

Next, we express the evolution of 4% in terms of Lie derivatives on an arbitrary metric 7. Noting
that £; = 0; in coordinates adapted to the foliation, we have:

. 2
LAY =20 AY + gwamﬁm, (C.91)
- .2 -
LY = 20A7 + 249 Dy 5™ + Lo, (C.92)
.2 ~ N~ oo~
= 20AY + 24 D87 + B DAY — 3N Dy — 4D

Taking the flat space divergence of £;4 we find (noting that d; commutes with +; provided Vij 18
stationary):

o .. o .. ] ~ 2 o s A 2 .. O A
£ (DAY) = DiLsd" + 2D, (adyy) + DD + 257D, (DmB™) . (C.93)

Simplifying the flat space covariant derivative of EB'AW :
DiLgh" = D; (85Dii" — 4N Dy' = 4D ) (C.94)
= 8" (DDA ) + D" DinA'? = DA™ D8 = 4™ D; D8 — Dy4™ Do
— 4D Dy B
Fixing ¥;; = 7ij, and simplifying, we find:
DL = L4 (f)ﬁi) —4mn D, D — 4™ D, D", (C.95)
Upon substituting this last result into our evolution equation for L; (lo?j’yij> and substituting
(C:90), we find:
1

A . (e} (e} . [} A . O o 2 A . O
LAl = 4D, D3 — 2D, (aA”) + A" D Duff” + SAD, 8™ (C.96)

w

Taking advantage of the fact that lo?n,é’” = DpB3" if ¥ = % and that

Dy, (aflim> = ﬁm (aflim> + aA™ A (C.97)
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C.9. Evolution of Contracted Christoffel Quantities

we may express the evolution equation for Al in the following concise form:
. o o . . L N 1 .. . 2 ...
LAl = 4D, D3 — 2D, <aA”> + 204" Ay + A" D DB + SAD, B (C.98)
Unfortunately, according to [9] the GBSSN equations with this choice for the evolution of A’

are only weakly hyperbolic. The equations may be made strongly hyperbolic by expressing the
momentum constraint as an expression for the divergence of A

Ao 2 .4 PPN -
DAY = 249 DK — 6AY D + 8rj', (C.99)

and substituting this expression into (C.98):

o

LA =4 D, DB + (;l@iﬂij — 1249 D;x + 167r§'i> — 249 Dja 4 20A™ A, (C.100)

4™ D D" + S A,

= 4™D, DB — 2A™ Do+ 20 AT AL L+ 2a <6Aijf)jx — gryiﬂ'f)jf( — &r}'i) (C.101)
3 [0 (Dasm) + 280D,

Note that Alcubierre et. al [9] present slightly different equations in which the Eulerian/Lagrangian

choice is not specified and the precise multiple of the momentum constraint added to is left
freely specifiable.
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Appendix D

Derivation of the FCCZ4 Formulation

One might wonder if something similar to GBSSN can be derived by embedding the Einstein
equations within a larger system such that the constraint equations are naturally promoted to
propagating degrees of freedom. The answer is a resounding yes, and brings us naturally to the Z4
and FCCZ4 (fully Covariant Conformal Z4) formulations of the Einstein equations [9, 26, 47, 116].

The Z4 formulation takes its name from the introduction of a four vector, Z,,, to the Einstein
equations:

1
R, — ig,ﬂ,R +2V .2y — 9uwVeZ — 26102y — K1kaGuneZ® — 81Ty, =0, (D.1)

where k1 and ko are damping parameters. Equivalently, the trace reversed form is:

1
R, + QV(uZZ,) — K1 (QN(MZ,,) — (14 k2) glwnUZU) — 87 <TMV — 2gle> =0, (D.2)

and the trace (with respect to g") is:
R+2V,2Z° + 261, 2% + 4k1 (1 + ko) ng Z° + 87T = 0. (D.3)

For judiciously chosen values of the damping parameters, violations of the Hamiltonian and
momentum constraints are advected and/or damped under evolution of the modified field equations.
In the limit Z,, — 0, one recovers general relativity.

If we examine formulations such as NOR [90] and GBSSN [37] in detail, we find that they are
essentially minor variations on Z4-derived formulations in which the temporal component of Z, is
not evolved and where substitutions or additions of the Hamiltonian and momentum constraints
have been made [9, 47, 116].

As with Appendix |C|which rederived GBSSN, our purpose in this appendix is both to verify the
equations of Sanchis-Gaul et al. [116] and to familiarise ourselves with the formalism in preparation
for the derivation of RCCZ4 (Appendix E). As detailed below, our derivation differs from that of
[116] in what was likely a simple typo on the part of the authors.

D.1 Derivation Overview

Our derivation begins by defining the quantities © and Z* through the projection of Z, onto and
orthogonal to our foliation >:

Zi =2, D.5
7' =~47;. (D.6)
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D.1. Derivation Overview

Having done so, we project (D.1)—(D.3)) onto and orthogonal to our foliation ¥; to find the Z4
equivalent of the ADM equations:

Lmij = —2aKj;, (D.7)

LmKi; = —DiD;a+a (Rij +2D 2, — 2K K*; + (K — 20) Kij) (D.8)
+4dra (75 (S — p) — 2545) — ak (1 + K2) 70,

£,,0 = % (R + K2 — KK — 167p — 20K +2D;Z' — 27'D;In a) —ar1 (24 k2) O, (D.9)

LnZ;=oa(D;K?; — D;K —8nj; + D;© —2Z;K’; — ©D;Ina — 11 Z;) . (D.10)

In order to cast f in a form better suited to evolving black hole spacetimes, we per-
form the same covariant and conformal decomposition that we would for GBSSN (see Appendix|C)).
We rewrite the 3-metric, v;; and extrinsic curvature, K;; in terms of the conformal factor, x, the
conformal metric, 455, the trace of the extrinsic curvature, K, and the conformal trace free extrinsic
curvature, Aij:

Yig = €4 (D.11)
~ 1.
K =™ (Aij — 37in> : (D.12)

As with GBSSN, we define the quantities Aijk and A’ in terms of the difference between the
Christoffel symbols of the conformal metric 4;; and those of a flat background metric 7;;:

I =174k, (D.13)
Al =Ty =Ty, (D.14)
A I L (D.15)

Unlike in GBSSN where A’ is defined to be the dynamical version of Ai, in FCCZ4, we define
it in terms of A’ (calculated from 4;;) and the spatial projection of Z,,:

N =AM 2397, (D.16)

After a significant amount of manipulation, we can rewrite (}1) in terms of 4;;, Aij, x, K,
O, Z; and A* and recover the FCCZ4 equations of Sanchis-Gual et al. [116]:

A S
LAy = —20dij = 3% Dm ™, (D.17)
R . . R _ TF
LAy = e [+4D(ixDj)oz — DiDja+a (Rl-j + Rij + 2D 2 — 87r5,-j)} (D.18)
2. . I R
— gAz]Dmﬂm - 20&AikAkj + OzAZ‘j (K - 2@) ,
1 1 .
Lyx = —EOZK + 6Dm5m, (D.19)
LK =—D%*a+aR+a (K2 —20K) + 2aD;Z" + dra (S —3p) —3ak; (14 ko) O, (D.20)

... 9 » »
Ln© = % (R — A AY + §K2 — 20K 4 2D;Z' —2Z'D;Ina — 167T,0> —ak1 (24 k2) 0, (D.21)
~ o ° . 2. A 1~ 4 ~. ~ ~ P
L' =37 DyDufl + SAD, 5" + 2 DD, B — 247 (Dka - 6oszX) +2aAAT, (D.22)
4 .. . . . 2 _ g o
— gOzDZK + 24k (wk@ — O©Dpa — SQKZk) — 167" j; — 2ak15% Z;.
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D.2. Spatial projection

D.2 Spatial projection

We begin by finding the evolution equation for the extrinsic curvature by projecting all free indices
of (D.2) onto ¥. The terms present in the usual Einstein equations follow the ordinary ADM
derivation, so here we concentrate on the terms containing Z*,

'Yul’)/ymv,uzu = 'YMZ'YvaM ('YAVZA + ®nu) ) (D.23)
= DlZm + ’Y“l’}/ymvu (@n,,) )
= DlZm + ’YMIVVm@ (_KMV - DV In (O‘)nu) ’

Y mnpZy, =0 (D.24)
Y mGune Z° = A1 m (Y — npnw) (—O) (D.25)
= 'YMZ’YVquV (_@)
= —Nm©

Adding these to (C.10), the ADM equation of the extrinsic curvature, we recover (D.8).

D.3 Temporal Projection

Next, we modify the Hamiltonian constraint by taking the full projection of (D.1) onto n*n".
Again, we consider only those terms that have been added to the usual Einstein equations.

n*n’n,Z, = —n"Z, (D.26)
=0,

'n’ gune 2’ = —ngZ° (D.27)
=0,

n'n'vV .z, =ntV, (n"Z,) —ntZ,V n", (D.28)

=-—n'V,0+n"Z, [K¥,+ D"In(a)n,],
= —gﬁm@ — Z'Diln (o),
n'n’guVeZ° = -NoZ°, (D.29)
=—-V,;(Z°+n?0),
= —V,2° + OK — éame,
- —\/1_7981- <Jjg2i> L OK — ézm@,
=-D;Z"'— Z'D;In(a) + OK — éﬁm@.

Upon adding these to (C.11)), the ADM Hamiltonian constraint, we find (D.9).
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D.4. Mixed Projection

D.4 Mixed Projection

Finally, in order to find our evolution equation for Z,,, we project the components of (D.1) which
contain factors of Z,, onto y#,n":

Yin' gu Ve 2% =" (Y — nuny) Ve 29, (D.30)
—0,
YHin"nuZ, =0 (D.31)
’VMinynVZu = _Zi (D32)
and,
YWin'N o, Z, =Ny (0" 2,) — A" (Vun”) Z,, (D.33)

= —"V,0+ K", Z,,
— (5“1 + n“ni) v“@ + ZZ,KVi,
= —-0,0 — nm“vu@ + Z,,KVZ',

= —-0,0 — lnzﬁm@ + ZVKVZ',
(6%

=-D,0+ ZjKjl',
where in the last step we have restricted ourselves to spatial indices. Projecting the final component,
Yin"V, 2, =n"V, (WiZ,) — Z,n"V 4", (D.34)
=n"V, Z — Z,n"V, (6" + n*ny),
=n"V,Z; — Z,n"nt (V,,ni) — Zyn"n; (Vynt),
n"V, Z +0n” (=K, — D;In(a)n,) + Z,n"n; D" In (a)n,
n'V,Z; — Z,n;D" ln( )+ ©OD;In(«),
and using,
1 - - - 1 .5
—LmZg =nVoZg+ ZoVn® + —n“Z,Va, (D.35)
a a

= no‘VaZB — ZaKo‘g — D%In (a)ngza,

the above becomes,

1 _ o
Yin'N,Z, = —LmZi + Z; K73 + ©D;In (a) . (D.36)
«
Restricting to spatial indices, the sum total of the Z4 terms becomes,
1 _ .
')’uz‘ny (QV(MZV) — g#,,VC,Z" — 2mn(uZl,) — Hllﬁggﬂyngzg) = EﬁmZz + 2ZjK]i (D.37)
— Dl@ + @l)Z Ina + F@lZi-

Upon addition of these quantities to (C.12), the ADM momentum constraint, we recover (D.10)).

D.5 FCCZ4 Form of the Equations

In this section, we try to refrain from redundant derivation by focusing primarily on the differences
between the GBSSN and FCCZ4 equations. In that context, we first note that the equations for
4i; and x are identical in both cases.
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D.5. FCCZ4 Form of the Equations

D.5.1 Evolution of K
Beginning with the Lie derivative of K along m:
LK = Loy Kij + Kij Loy, (D.38)
and the Z4 form of the evolution of the extrinsic curvature:
LKy = ~DiDja+a (Rij + 2D Z5) = 2KipK*  + (K — 20) K ) (D.39)
+dma (v (S — p) — 285;5) — akt (1 4 K2) 7450,

we substitute (D.7) for £,,7%, to find (D.20):

, _ 3
LK =—-D;D'a+ « (R +2D, 7" — 2K"™ K, + (K —20) K) — 87« (S ~3 (S — p)> (D.40)
— 3aky (14 k2) O + 20K K",
=-D;Dla+a (R +2D; 7' + K? — 20K + 47 (S — 3,0)) —3aky (1+ K2) O,

= —D,D'a + aR + « (K2 — 2@K) + 204DiZi +4ra (S — 3p) — 3ary (1 + k2) O.

D.5.2 Evolution of Aij

Recall the ADM equation for the evolution of the extrinsic curvature:
LmKij = —D;Dja+a (Rij + KK — 2KikK’“j) +dra [y (S — p) — 28], (D.41)
and compare it with the equivalent Z4 equation,
Lk = =DiDjo+ o (Rij +2DZ;) — 2K K* + (K - 20) Ky ) (D.42)
+dma (35 (S — p) — 25;5) — a1 (14 k2) ;0 .

If we define

Rij = Rij +2D;Z ) — 20K, (D.43)

and note that this new pseudo-curvature has the same symmetries as a true curvature, we may
follow the GBSSN derivation of £,,A4;; exactly (see Sec. ) and substitute the definition of this
new quantity as a final step. Doing so yields (D.18)

. N TF 9. . . .
LAy = e [—DiDjoz +aR; - 8msij} — 2 AyDpf" +a (KAij _ 2AikA’fj) ., (D.44)

= —gz‘iijf)mﬁm — Qaflikflkj + a/iij (K —20)

w

—AX | _D.D. o3 5 7o . "
+e DZDJO( + o R” + R@] + 2D(1Z]) 87TSZ] s
2. . . .
= =345 D™ — 20 A A¥; + a Ay (K — 20)
A A A A A X _ TF
4ot [—|—4D(ixDj)oz — DiDja+a <Rij + Rij + 2D 2, — 87rsij>] ,
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D.5. FCCZ4 Form of the Equations

D.5.3 Evolution of ©

Essentially trivial substitution of the conformal variables into , the augmented Hamiltonian

constraint, gives (D.21)):
e
-2
o«
2

Lm© (R + K? — KKV —167p — 20K — 2D;Z' —2Z'D;iIn a) —aky (24 k) O, (D.45)

" a9 . »
(R — A ;AY + §K2 — 20K 4 2D;Z" —2Z'D;Ina — 167Tp> — aky (2 + Kk2) O.

D.5.4 Evolution of Al
Starting from (D.10)), the Z4 analog of the momentum constraint:

ﬁmZ,L =« (DJKJZ - DzK - 871']1 + D@@ - 2ZjKji - @Dl Ina — /{127;) N (D46)

we raise Z; with the 3-metric, substitute the conformal variables and substitute (D.17) and (D.19)
for the evolution of 4;; and x respectively:

LonZ' =~9L0 75+ 2L (D.47)
=49e XLy Z;i + ZiLy, (Ve M)

. 2 . . 4 . o
=« <64XD1A” + Al pje=ix — ngK —871j'+ D'© —OD"In () — /11’)/”Zj> .
Replacing the covariant derivatives on the 3-metric with those on the conformal 3-metric yields
. N e A 2 .. N . o
LnZ' = ae™ X <D1A” + 6A"Dyy — SD'K = 87j' + D'® — ©D"In (a) — mwzj) . (D.48)

The evolution of A? is then given by:

LA =L, A"+ 2L, (59 2Z;), (D.49)
= LA+ 87 Lo + 26X L0 7'

Into this, we can substitute (D.48) for £,,Z%, (D.19) for £,,x and for L, Al
. o o . 2. 1 ~:a o . AU
LnA" =A™ D Dnf* + ZA' Dy + 2 D" D 8" — 2A (Dka - 6aDkx) +2aATFAT (D.50)
4 .. , . N 2 _ y L
— gaD'K + 24/# <aDk@ — ©Dpa — 304KZk> — 16w j; — 2059 Z;,

resulting in (D.22).
Here it should be noted that the original derivation of these equations performed by Sanchis-
Gauls et al. [116] had an additional factor of %Dl ple?x Z"'. This appears to corresponds to a minor

typo in the equations where those authors accidentally used %Alf)nﬁ" in place of %A’f)nﬁn
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Appendix E

Derivation of the RCCZ4 Formulation

E.1 341 Form of RZ4

The RZ4 equations in canonical and trace-reversed form with damping are given by (5.10) and
(5.11). As we have been predominantly interested in investigating scale invariant problems, we set
the damping parameters x1 and ko to zero, yielding the simpler set of equations:

1 5 o

Ryw = 50u R+ 2V (uZy) = 9wV (o Z5) g*? — 81T, =0, (E.1)
o 1

R, + QV(#ZV) — 87 <T/W — ng,T) =0, (E.2)

R+2V(,Z,)g" + 81T = 0. (E.3)

Here, is RZ4 written in canonical form, is written in trace-reversed form and
is the trace of taken with respect to the physical metric g"”.

To derive the ADM equivalent of the RZ4 equations we roughly follow the ADM derivations
of [5, 54] and take projections of f onto and orthogonal to the spatial hypersurfaces
which foliate four dimensional spacetime in a standard 3+1 decomposition. In what follows, we
consider only the simplest case where g, is a time-invariant, curvature-free Lorentzian metric with

g = —1,G15 = 0.

E.1.1 Spatial projection

We begin by finding the evolution equation for the extrinsic curvature by projecting both indices
of (E.2) onto ¥. The terms present in the Einstein equations follow the ordinary ADM derivation
so we concentrate on the terms containing Z*:

Y\ oV uZy =42V 5 <8MZV +00un, -1, (Zp + np@)) i (E.4)

We now note that, since n; = 0, when restricting to spatial indices we have:

YV mOune, = (0% + ntny) (0% m + nny,) Opny, (E.5)
= (8"10"m + M0 np, + 6V mnF g + nfrynng,) Oyna,
= (Onm + 1"y Ony, + 0ty 0y, + nFnn”ny,oun, ),
= ()7
and therefore
QWMiVVjV(uZV) = 2’7”1")/'/]' (6@2,,) + @8@71,,) — Fpuy (Zp + np®)> y (EG)

= 27“1")/”]' (8(MZV) - fpw, (Zp + an) ) .
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E.1. 341 Form of RZ4

Assuming g, = 0y + ¥;j with ]%Z-j = f‘tij = 0 (e.g. we take the simplest possible flat background
3-metric), this simplifies further to,

o

QW#iWVjV(“ZV) ZQ’YMZ"YVJ' (8(#21,) - I’kWZk> y (E?)
=2 (6";0"j + 0";n"n; + 6" jn"n; + ntnin”n;) (8@21/) — Io‘kw,Zk> ,
:28(12]) - kaZjZka

Here, we have made use of the fact that, with the connection given above, the Christoffel symbols
for the spatial component of the background metric are identical to those of its four dimensional
counterpart. Adding (E.7) to the evolution equation for the extrinsic curvature,

£mKij = —DiDjOé + « (Rw + KKU — QKZkKk]> + 4o ('Yij (S — p) — 2SU) , (ES)
we recover (5.17)).

E.1.2 Temporal Projection

Next, we modify the Hamiltonian constraint by considering the full projection of (E.1|) onto n#n”.
Focusing on the terms that have been added to the original Einstein equations we have:

n“n”%uZ,, = n“%u (n"Z,) — n“ZV%,m”, (E.9)
= —n“%“@ — n“Z,,%un”,
= —ézme — "7,V i,
W g (VaZo ) 9 = = (VaZs ) 97, (E.10)
= —gA”%A (ZU + nU@) ,
= —éﬁm(% - gAU%)\ZU — g’\U@%AnU.
Thus, we find
ntn" (2%(/121/) — gw%,\Zgg)‘”) = —éﬁm@ —2n* (Zy + n,0) %Mn” (E.11)
+ gA"%,\ZU + g’\"@%,\ng.

Now, expressing n* and g, in terms of a, B¢ and 7vi; and simplifying, 1’ becomes:

o o 1 ® 7. ) Lo .
v Ao\ ? % %
nkn (QV(#Z,,) — 0wV AZog ) = L0~ —Lua+ (Emﬂ — BiD;B ) (E.12)
+ ’}/ijﬁiZj.
Adding these to the ADM Hamiltonian constraint,
1 2 ij
H =3 (R+K* - KyK"V) —8mp =0, (E.13)

and solving for £,,0, we recover (/5.18]).
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E.2. Derivation of RCCZ4

E.1.3 Mixed Projection

We find the evolution equation for the momentum constraint propagator by taking the mixed
projection onto y# n” of the terms that have been added to the Einstein equations in (E.1). Upon
restricting to spatial indices we find:

VPN W 2y = =N WO — A 2,V (E.14)
= —-0,0 — nm“%ué) — (Z,, + @n,,) %un”,
=—-D;0 —~+#; (ZV + @ny) %un”,

’y“m”%,,Zu = n”%,, (iZu) — Zun”%ufy“i, (E.15)
=n"V,Z; — Zun”%,, (6" + nfny;) ,

yHin” (QWQM%AZJ) = Hin” (Y — npnw) (gA"%AZJ : (E.16)

Now, expressing n* and g, in terms of the 3+1 variables (c, B¢ and 7vij) and simplifying the
resulting expression, we find:

— — ]

AP an? <2%(MZV) - guyg)“’%lZm) = L2 — Zu%m“ - lo?i@ — 4k (Z,, + @n,,) vun”, (E.17)

— Q|+

_ 2 _ o . o o
=—LZ;+ *ZjDiﬁj —D,60—-06D;In (a)
@ «

Upon substitution of this expression into the ADM momentum constraint,

M’ = D;K"% —~iD,K — 8rj' =0, (E.18)

and solving for £,,Z;, we recover (5.19).

E.2 Derivation of RCCZ4

Now that we have the ADM equivalent of the RZ4 equations, the derivation of the RCCZ4 equations
proceeds in a fairly straightforward manner. To recap, the ADM equivalents of the RZ4 equations
so far derived are:

Lo = —2aK3;, (E.19)
LmKij = —DiDjo+ o (Rij + KKy — 2KikK’“j) + 4o ([S — plyij — 2Siy) + 2aDZ;),  (E.20)
L6 = % (R+ K?— KiK' — 167p) + oy D; Z; — %ﬁma + % (cmﬁi - 51‘15]-52') . (B.21)
LnZi = o (D;K7; — DiK — 8j;) — 22;D:8 + ©Dja + aD;®), (E.22)

and the process of determining the RCCZ4 equations essentially boils down to substituting for the
conformal variables in a manner exactly analogous to FCCZ4 [116].
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E.2. Derivation of RCCZ4

We observe that (E.19), the evolution equation for ;;, is unchanged from the ADM case and
therefore the evolution equations for x and 4;; are the same as in FCCZ4 and GBSSN [37, 116]:

1 1~
~ ~ 2. ~
LnYij = —2aA;j — 3 ii DmB™. (E.24)

E.2.1 Evolution of the Extrinsic Curvature Trace

Beginning with the Lie derivative of K along m:
LK =7 LK + Kij Ly, (E.25)

and (E.20), the RZ4 form of the evolution of the extrinsic curvature, we substitute (E.19) for £,,,7%,
to find (5.33)):

LK = ’yijEmKij + Kz'jﬁm’yij (E26)
= —D'Dia + a (R+ K% - 2Kinij) +4ra (3[S — p] — 25) + 2a'yijl())(i2j) + 20 K;; K'Y
=-D’a+« (R—i— K? + QVijl())(iZj) + 47 (S — 3p)> :
E.2.2 Evolution of the Trace-Free Extrinsic Curvature

The evolution of Emﬁij is given by
~ » 1
ﬁmAij = ﬁm & X Kij — g%jK (E27)
= —44;;Lmx +e L Kij — gKﬁm%j - g’Yij['mK ,

If we express this equation in terms of the conformal decomposition and make use of (E.20) and
(E.26]), the RZ4 evolution equations for K;; and K respectively, we find (5.36):

~ o} — TF ~ ~ ~
LA =™ [DiDja + aRy - $7aSy + 2002 | +a (KA, - 2434%)  (B28)
2~ o~
- gAileBl~

Equivalently, we could start from the GBSSN equation for lel-j 19, 87]:

~

~ ~ o~ 9 o~
EmAij = 6_4X [—DiDjOé + OéRij — SWOéSij]TF + « (KAU — 2AikAkj) — gAile,Bl, (E.29)
and note that 1) is, save for the term involving ﬁ(iZj), identical to the ADM expression for
the evolution for the extrinsic curvature. If we define
Ri]’ = R;j + 2D(i2j), (E.30)

and note that this new pseudo-curvature has the same symmetries as a true curvature, we may
follow the GBSSN derivation of £,,A;; exactly and substitute the definition of this new quantity
as a final step. Doing so recovers (5.36) in a much simpler manner.
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E.2. Derivation of RCCZ4

E.2.3 Evolution of Theta

Essentially trivial substitution of the conformal variables into (E.21)), the augmented Hamiltonian
constraint, gives:

«

L,,© 5

a9 o (e} 7. ) Lo .
<R — A AY + §17{2 — 167rp> + oD Z; — —Lpa+ = (ﬁmﬁ’ — ﬁJDjﬁl) . (E.31)
o e
E.2.4 Evolution of Lambda
From 1} the definition of A7 we find the following expression for the evolution of £, A’
LAl = LA 4 2L, (77 Z5). (E.32)
In this expression, an expression for £,,Z; may be found through substitution of the conformal
variables into (E.22):
_ ~ 2 _ o . o o
LonZi = a (DZAQ- - gDiK — 87rji) —~27;D;87 +OD;a + aD;0. (E.33)

Now, the quantity A can be expressed in terms of the action of the flat space covariant derivative
on the conformal metric:

(e} .. ~ . 1 v .
Dy = ~A' — S Dy In (1)&“’“ (E.34)

and, noting that since 4 = ¥ (we have chosen our conformal and flat space metrics to have the
same determinant), A’ may be expressed as:

~

Al = —D54, (E.35)

We may then find an evolution equation for Al entirely in terms of 1D the equation of motion
for 455, and the definition of Aijk:

A o o . o A 1 . o o 2 A . O
LA = 4™ D, D, f - 2D); <aA”) + " D DB + SN D™ (E.36)
Finally, (E.32) may be expressed as:
LAl = LA+ 2L, (59 Z;), E.37
J

o o . A+ O 1 . O (e} 2 ~ .~ — ~. . ~g .~
=A™ D, D" — 2AY Do + gf?szmDnB” + gAanﬁ” +4aZ;AY + 120 A% Ay
4 ~ . ~ . ~ . ~ . — .. O
— gaDlK —16may’ +2aD'© + 200D Ina — 42,79 D; 5.

E.2.5 Simplifying Substitution

Equation (E.31)) is not particularly well suited to evolution: when the lapse approaches 0, terms
on the right hand side approach infinity. Fortunately, it can be regularized by defining a new
evolutionary variable © in terms of ©, «, Z and "

(E.38)
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E.2. Derivation of RCCZ4

In terms of these variables, we recover the evolution forms for Emé, [,m/NXi and L£,,7Z; expressed

in (5.31), (5.37) and (5.38)) respectively:

~ 2 ~ o~ 9 o ) o _ 0~
L6 = <R — A AT 4 SK? = 16mp + 27”DZ-Z]-> -8 (8'D;%i+ D;®) (E.39)
. ~ 2 ~
—af’ (DlAlj — 3 DK - 87Tjj> :
~. o o . ~ o~ ~ 1~ ~ D
L' = 7" Dy Dy B = 24" Dy + 20A™ Al + 2 D' D" + A" D, 8 (E.40)

o o 1~ o o~ g o _  _ o
+4da <ZjA” +34"Dix - S D'K — 47er> +2D'6 + 247 (ﬁl D;Z — ZleBl) :

~ 2 ~ — o o — [} ~
,Cle =« |:DlAli — ngK — 87T]Z:| — ZlDiBl + ﬁlDiZl + DZ@ (E41)
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Appendix F

Hyperbolicity of FCCZ4 and GBSSN

Here we first provide an explicit calculation demonstrating the application of the technique of
pseudodifferential reduction to a non-linear wave equation (Sec. in order to demonstrate hy-
perbolicity. In Sec. we turn our attention to the case of FCCZ4 as presented in Sec. [5.3 and
demonstrate that FCCZ4 has the same principal part as RCCZ4. Finally, in Sec. we demon-
strate that GBSSN has one additional zero-velocity mode corresponding to the non-dynamical
Hamiltonian constraint. In what follows, we closely follow the work of Cao and Wu [39] on the
hyperbolicity of a BSSN type formulation in f(R) gravity.

F.1 Hyperbolicity of the Nonlinear Wave Equation

As a primer for the subsequent sections which demonstrate the conditions under which FCCZ4 and
GBSSN may be made hyperbolic, we derive the conditions under which a non-linear wave equation
is hyperbolic. Consider the second order PDE:

att¢ - C(tv xl>26182w - M2¢ - Awga (Fl)

where 1) is a real scalar field, c(t, 2?) is a generalized velocity and p and \ are quadratic and quartic
interaction potentials respectively.

In order for this system to be hyperbolic with characteristics which propagate at speed ~ |c| in
the high frequency limit, we must have c(, z') some real function. As an introductory exercise, we
wish to verify this condition which essentially amounts to verifying that the given system admits
a well defined Cauchy problem; i.e. that there exist no high frequency modes with growth rates
which cannot be bounded by some exponential function of time. In brief, we can study strong
hyperbolicity by linearizing the system about some generic solution and examining the resulting
system in its high frequency regime where it can be written in the form

dou = M'd;u + Su. (F.2)

Here, u is a vector of n solution fields, M’ are n-by-n characteristic matrices and Su is a source
vector that may depend on the fundamental variables u but not on their derivatives. Fourier
transforming the solution u via

i (w) = /ei“"xu (z)d®z, (F.3)
we can write (F.2) as

Aot = iw; Ml + S (F.4)
From this, we define the principal symbol of the system as P; = i |w|P = iw;M’. The nature of

hyperbolicity of the system can then be discerned from the properties of P:
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F.1. Hyperbolicity of the Nonlinear Wave Equation

o If P has imaginary eigenvalues, the system is not hyperbolic and cannot be formulated as a
well-posed Cauchy problem.

e If P has only real eigenvalues but does not possess a complete set of eigenvectors, the system
is weakly hyperbolic and may have issues with ill-posedness.

e If P has both real eigenvalues and a complete set of eigenvectors, the system is strongly
hyperbolic and the Cauchy problem is well-posed.

We therefore consider the non-linear wave equation (F.1) written in first order in time form:
= PO D — P — NP, (F.5)
o =m (F.6)

where we have suppressed the functional dependence of c(¢,z%). As we are interested in the high
frequency regime, we freeze the coefficients and perturb about some solution mq, ¥g:

By (10 + 0m) = 20'9; (1o + 09) — 11 (o + ) — A* (g + 69)? (F.7)
O (Yo + 6¢) = (mo + o). (F.8)

Expanding and and keeping only terms which are first order in our perturbation, we find:
Do = 20' 000 — p2oeh — N2, (F.9)
00y = . (F.10)

Fourier transforming the resulting linear constant coefficient problem (and adopting the convention
that hatted quantities represent the Fourier transforms of the perturbation while untransformed
quantities are the background solution), we find:

Ot = =y wiwih — PP — 3N, (F.11)
opp = 7. (F.12)

‘We then introduce the variables:

i = ol ©.13)
jwl? = 7T wiw;, (F.14)
A
$=rb (F.15)

which permit us to write (F.52HF.59) as a first order pseudodifferential system of the form
oty = i |w| P (F.16)

Explicitly, to leading order in |w|:

o [g] =il [(1) 001 [g] ) (F.17)

and we find that P has eigenvalues A = +v/¢2 with a complete set of eigenvectors provided that
¢ # 0. Therefore, in order for (F.1) to represent a hyperbolic wave equation, we recover the known
result that ¢ must be some non-zero real function.
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F.2. Hyperbolicity of FCCZ4

F.2 Hyperbolicity of FCCZ4

Here, we analyse the FCCZ4 formulation of Sanchis-Gual et al. (5.44)—(5.50) taking Z; as the
evolutionary variable and using natural extensions to the generalized lapse and shift of Sec.
Defining

o = 0y — B'0;, (F.18)
these gauge conditions take the form:
oo = —ah (v, x, zH) (K — Ko —m/ (o, x, 2") @) , (F.19)
B’ = a*G (a, x,z") B, (F.20)
doB* = e"™XH (a, x, z") A" — 1 (B, a,2") . (F.21)

Freezing coefficients in the differential equations and analyzing the linear constant coefficient
problem by means of a Fourier transform as in Secs. and , the vacuum equations (to leading
order) become:

1 . 1 A
AR = —éaK +3 (iwy,) B, (F.22)
K = aR + wjwny™é + 2a4'™ (iw12m> , (F.23)
. 1 L
206 = 5a (R +2 (i) ij) , (F.24)
2 i~ 2. . S~ e N Am o o~ e N Bm
Ooij = —20 A — 3% (iwm) B™ + Yim (iwj) B™ + Yy (iw;) B, (F.25)
2 . g . . \1TF
DoAi; = e X [wiwj'y”d + aR;; + 2 (ioJ(,-Zj))] , (F.26)
~ S 2 ~ ~
0 Z; = « [(in) Aki'y]k - g (sz) K+ (zwl) @:| , (F27)
y 1 4 . . .
AN =™ (—wmwn) B + gf?“k (—wpwn) B — goﬁ” (iwj) K + 20@”‘3 (iwk) O, (F.28)
doé = —a?hK + o®>mh0, (F.29)
B = a*GB, (F.30)
B’ = 2H~"™ 0 Zy + H (iw™) 7™ 005, (F.31)

and, as for the case of RCCZ4 in Sec. ]%ij may may once again be either be considered as

a function of A’ or as a function of A’. As with RCCZ4, 4F.31. may be expressed by
projecting rank-2 tensors and covectors according to (5.112) and (5.117) respectively. For the
scalar components (1), we have:

Bois = i lw|a |—hEK + hm'é)] : (F.32)
b = i |w| 'GB} , (F.33)
- [4H . 4H A
T 1
X =ilwla|=-b—=-K]|, (F.35)
6 6
. 4. .
Ol =i |w|a gb - ZL] , (F.36)
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F.3. Hyperbolicity of GBSSN

~ [ 4. A
Dl =1i|w|a —gb + QL} , (F.37)
. VP DUNE DR
K =ilwa|—a—8X + 51 = il + 262] , (F.38)
T e 1 1.
000 =i|wla|—4X + Zl — Zl + eZ] , (F.39)
i C 2 4L 1. 1. de,
OoL =1 —a—-X+Zl+=-l +—=7 F.40
o z|w|oz_3a 3 +3+6+3], ( )
. I
0Z =i|wla|L— gK + @} , (F.41)
where, as in the case of RCCZ4, we have L' = —L. In terms of the vector components (2), we find:
Aob; = i |w| GB;} , (F.42)
8B, = i|w|a 'HB;} , (F.43)
Aol = i |w| a b, — 2ﬁ;} , (F.44)
OoL; = i|w|a P A;} , (F.45)
807, = ilw|a 'ﬁ;} . (F.46)
Finally, for the tensor components (3) we have:
Bl = ilwl a [—Qﬁm} , (F.47)
. , 1.

Under the substitutions © — Q and m’ — m, fF.48 are the same equations as the
pseudodifferential decomposition of RCCZ4 of Sec. We conclude that RCCZ4 and FCCZ4
share identical stability characteristics in the high frequency limit and both possess well-posed
initial value formulations provided the conditions derived in Sec. hold.

F.3 Hyperbolicity of GBSSN

As a point of comparison to RCCZ4 and FCCZ4, we rederive the conditions under which GBSSN
is hyperbolic, following the procedure of Cao and Wu [39] who have previously applied this method
to studying the hyperbolicity of BSSN in f(R) gravity. In these calculations, we use the GBSSN
formulation of Brown [37] as presented in (5.5245.56). For our gauge, we choose a natural modi-
fication of the gauge of Sec. as it applies to GBSSN (using the convention that the A’ rather
than A’ are the dynamical quantities):

doa = —ah (o, x, 2") (K — Ko (z")) (F.49)
aOBi = OéQG (Oé,X7l‘M) Biv (F5O)
DB = e ™H (a, x, 2") AN —n (Bi, o, zt) . (F.51)
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F.3. Hyperbolicity of GBSSN

As with RCCZ4 and FCCZ4, we consider the case of GBSSN in the vacuum. After freezing the
coefficients in the differential equations (5.52)—(5.56) and Fourier transforming the resulting linear

constant coefficient problem, we find:

1 - 1 A
OoX = —EOJK + 5 (twg) Bk,

80f( = wiwj’yijo},
2 A 2. . 5 ~ N A ~ e N B

00%ij = —20ij = 3% (wm) B™ + Yim (iw;) B + Ymg (i) B,

2 A g . TF
80Aij =e X [wiwfy”éz + OéRij]

)

L. ~- _ R 4 .. ~ 1 ... ~
80./\‘ = —wkwlﬁyklﬁl — 204’7’“73[ (iijkl) — goﬁ“ (iw]‘) K — ngijlﬁl,
dé = —a’hK,
o053 = *GB,

803i = 6_4XH |:80[N\Z:| s

(F.52)
(F.53)
(F.54)

(F.55)

(F.56)

(F.57)
(F.58)

(F.59)

where éij is understood to be a function of A’. As before, Eqns. fF.59 may be expressed
by projecting rank-2 tensors and covectors according to (5.112) and (5.117)) respectively. After a

somewhat lengthy calculation, we find the following results for (1) the scalar components:

Opa =i |w|a _—hk],
Bob = i |w| @ 'GB] ,

B =ilw|a|—b— —K
N (1. 14
X =ilw|a b—K},
. 4. .

Ol =i |w| b—QL],
L 4. .
Ol =i |w|a —3b—|—2L],

K =i|w|a —d] ,

- 2 4, 1. 15 2.
L=1 ——a—=-X—Zl+=-l +zA
o z|w|a_3a 3 3+6 +3],
. (4. 4 .
aOA:Z|CU’Oé -gb—gK s
(2) the vector components:
Aob; = i |w| [GB;} ,

oB; = i|w| o [HZA),} ,

7

Boi; =ilw|a [l;; — QIAL;} )

(F.60)

(F.61)

(F.62)
(F.63)
(F.64)

(F.65)
(F.66)

(F.67)

(F.68)

(F.69)
(F.70)

(F.71)
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F.3. Hyperbolicity of GBSSN

onti = ifela |5 - 1] (F.72)
BoA; = i |w| a [z};} : (F.73)
and (3) the tensor components:
Bullgy = ilwl o |~2L ] (F.74)
aof/,(ij> =ilwla [—;ZN@']‘)] ’ (F.75)

respectively. Computing the eigenvalues and eigenvectors of PS we find:

[4
A=0,0,0,+1,+ gGH, +v/h. (F.76)

FExamining these in detail, we observe that GBSSN has one more zero velocity eigenvalue than
RCCZ4 and FCCZ4. It is this eigenvalue which corresponds to the Hamiltonian constraint advection
and is largely responsible for the superior performance of FCCZ4 relative to GBSSN [47, 63]. In
the case of the vector components, the eigenvalues of the matrix PV once again have multiplicity
2 and are:

A=0,+1,+VGH. (F.77)
Finally, for the tensor components, the eigenvalues of PT have multiplicity 2 and take the form:
A =41, (F.78)
In order to guarantee weak hyperbolicity, these eigenvalues must be real with
GH >0, h > 0. (F.79)

Strong hyperbolicity requires that the matrix P is diagonalizable and, in addition to requiring real
eigenvalues, demands

h # M?H, (F.80)

for the diagonalizability condition to be met.
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Appendix G

Derivation of the Embedded
Covariant and Conformal Maxwell
Equations

Here we derive the equations of motion for the source-free Maxwell fields of Chapter 6.2, We
follow a procedure similar to Palenzuela et al. [95] and Komissarov [71] by embedding the Maxwell
equations within a larger system. Analogous to the manner in which BSSN type formulations
embed general relativity within variations of the Z4 system [9, 47], this embedding allows us to
associate the constraint equations with propagating degrees of freedom.

G.1 Maxwell Equations in Curved Space

Consider first the Maxwell equations written in tensor form using units where the speed of light,
¢, and vacuum magnetic permeability, po, are both unity:
V, F =Y, (G.1)
V., F"" =0. (G.2)
Here F),, is a completely antisymmetric tensor known as the Maxwell tensor, *F},, is the Faraday

tensor and j* is the 4-vector of electric current. When both the electric and magnetic susceptibility
of the medium vanish, the Faraday tensor is the dual of the Maxwell tensor

1.
=2 WO R s, (G.3)

In (G.3), e%¥79 is the Levi-Civita tensor which is itself defined in terms of the Levi-Civita symbol
and metric determinant |g|:

~abed (1) abed
€M = —=L e (G.4)
varl

The Maxwell tensor may be used to construct the electromagnetic stress-energy tensor:

1
TH = Frepv, — Zg“VFagFaﬁ. (G.5)

G.2 Embedded Maxwell Equations

Again, rather than use (G.1)—(G.2) and a vector potential decomposition of F),,, we incorporate
the Maxwell equations into a larger system, similarly to how the GBSSN and FCCZ4 formalisms
embed general relativity within variations of the Z4 system [9, 47]. In the case of general relativ-
ity, this embedding enables the Hamiltonian and momentum constraints to be expressed through
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G.3. Evolution Equations for Constraint Advecting Quantities

propagating degrees of freedom (see Appendices (CHE|). Analogously, for the Maxwell fields, we can
tie the divergence conditions to propagating degrees of freedom [71, 95]:

Vi (F"" 4+ g g) = —on" Vg + 57, (G.6)
V, (Y 4 g g) — —on¥ . (@.7)

Here, o is a dimensionful damping parameter and ¥ g and Vg are constraint fields which couple
to the violation of the divergence conditions for the electric and magnetic fields, respectively. By
promoting the constraints to propagating degrees of freedom, our solutions gain additional stability
and exhibit advection and damping of constraint violations which would otherwise accumulate.
By decomposing the Maxwell and Faraday tensors into electric, £%, and magnetic, B*, fields:

E® = F*Png, (G.8)
B® =*FPang, (G.9)
FoP = poBP — pnPEY 4 &%, Bs, (G.10)
*FP = pfBY — n*BP 4 %P, B, (G.11)

and defining the charge density, p, and current density, J; by projecting j* onto and orthogonal to
our foliation:

we can express (G.6) and (G.6)) in terms of evolution equations for E¢, B* Up and Up:
LnE' =D, (aBy) + aKE + a9 DV — J°, (
LB = —&*D; (aEy) + aKB' — ay7D;Up, (G.15
LnVE=a[D;E' +0¥g —p|, (
LnVp=a[-DiB +0¥g]. (

Here, as in previous chapters, £, = 0; — L3 is the Lie derivative along m* = an.

From the anti-symmetry of F% and the definition of ny, it is obvious that E* and B® are both
purely spatial vectors. As F*¥ and *F* are true tensors, their unique contractions Fj,,*F'*” and
F,, F* are coordinate invariant scalars which have dimension length~2 like the Ricci scalar.

G.3 Evolution Equations for Yy and Vg

We begin our derivation of (G.14)—(G.17)) by contracting (G.6) with the unit normal to the hyper-

surface, n®
naVs (Faﬁ + gaﬁ\pE) —oUp—p. (G.18)
Via the definition of the extrinsic curvature
Vung = =Ky — Dy In(a)n, (G.19)
and (G.10), the definition of F*” in terms of the electric and magnetic fields, becomes:

—V,EF +0V Vg + E'D,In(a) =0VE —p. (G.20)
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Employing the identity
VB — a\lﬁ% (a/FER), (G.21)
= E'D;In (a) + D;E",
Wwe can express as
n'V,¥g = D;E' +0¥g — p. (G.22)
Written in terms of the Lie derivative, we recover :
LoVg=a[DE' +o¥g—p]. (G.23)

We find (G.17) in an exactly analogous manner by contracting (G.7) with n, and following the
procedure outlined above.

G.4 Evolution Equations for £* and B“

Expanding :
V, (*F* + g""VUp) = —on*Vp, (G.24)
v, (—n“B” ¥ BR 4 6, BT 4 gt B) = —onfUp, (G.25)
and concentrating on the magnetic components we have:
V,(=n*B” +n"B*) = -V, ,n*B" — n#*V,B" + V,n"B* + n"V,B*, (G.26)
=n"V,B" - B*V, n* — n*V,B" + B*V, n",
=L,B" —ntV,B" + B*V, n",
=L,B" —n*V,B" — KB",
where we have made use of the fact that B#n, = 0. Expressing £, B* in terms of L, B":

1 1

V., (=n*B” +n"B*) = aﬁmB“ + &n"B”Dya - ntV,BY — KB*, (G.27)
1
=—L,B*—- KB*—(V,B”"— B”D,Ina)n"
o
1
=L, B* —-n"D,B" — KB"
o

Turning our attention to the electric components, we note that V,+/|g| = 0 and the electric
simplify may be written as:

V., (exe""n E%) =V, (nyEy) &1, (G.28)

=~ E n, D) (Ina) + A\, E,.
Repeatedly inserting the identity g*, = 6%, = v, — n¥n,, into " n,V, E,, we find:
V("1 E%) = =" E_n, Dy (Ina) + E°"ny\D, E,, (G.29)

_ Lawop (aB,)n,.
(6%
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Next, we express V,g"”Up in terms of quantities defined on our foliation,
Vy (¢ p) = (" —n"n”) V, ¥ p (G.30)
== ’Y#VVV\I/B - n“ﬁn\I/B
= ’}/MVDV\IJB —nt [—DVBV -+ U\I’B]

Now that we have representations of the magnetic, electric and scalar sectors of (G.25), we can
substitute each of (G.27), (G.29) and (G.30) into (G.25) to give:

V(=B 40 B 4 6, BT 4 g W ) + ont W = ), (G.31)
éLmB“ — KB* + é?“konym (aEy) + "D, ¥ = 0.
Solving for L£,,B* and projecting on ¥; (recall that B*n, = E*n, = 0) recovers :
LB = —&*D; (aEy) + aKB' — a7 D; U p. (G.32)
The derivation of follows a nearly identical procedure starting from as opposed to

(G.6) with the only significant departure being the projection of j* onto ¥;.

G.5 Conformal Form of Evolution Equations

Trivial substitution of the conformal variables of Appendices into (G.14)—(G.17) yields:
L, FE' = Aijij (aBy) e + aKE" + a’yijf)j\PE —J,
LB = —éijkﬁj (aEy) e X + aK B — owijf)j\I/B,
LnVE =« [G_GXDi (eXE") +0¥p — P} ;
Ln¥p=a« [—6_6)(151 (66XBi) + J\PB] .

These are the embedded covariant and conformal Maxwell Equations.

G.6 Heuristic Proof of Damping Properties

As a quick sanity check, it is worth verifying that these equations do, in fact, result in advection
of constraint violations for the simple case of Minkowski spacetime without charge (j# = 0). The
following calculation shows that, at least in this limited flat space case, the constraints are advected
and damped away from the source of the violations as desired.

Let Cr = 0;E° be the constraint violation of the electric field. Differentiating with respect to
time and substituting for O,F" gives:

0Cp = 0;0.E", (G.37)
= 0; (eijkajBk + Wijaj‘IJE) )
= 0,0V p.
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G.6. Heuristic Proof of Damping Properties

Differentiating once more in time and substituting (G.16) for 0¥ p:

OuCp = 9;0'0,V s, (G.38)
= 0,00, B + 00;0"V g,
= 0;0'CE + 00,0' Vg,
= 0;0'Cg + 00,C,

yields a damped wave equation for C'p:
OCg = +00,CEg. (G.39)

For o < 0, therefore, the constraint violations will be both advected away from their sources and
damped. For ¢ = 0, the constraint violation propagates at the speed of light.
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Appendix H

Achieving Smoothness at AMR
Boundaries

In our use of adaptive mesh refinement (AMR) during our investigations of critical collapse, we
repeatedly encountered issues related to irregularities arising at the grid refinement boundaries.
These irregularities were observed to disrupt convergence and frequently resulted in spurious re-
gridding and intolerably large constraint violations. In many cases the irregularities became so
pathological that the errors thereby introduced would cause the AMR algorithm to attempt to
use an essentially unbounded number of refinement levels. This appendix gives an overview of the
methods we used to resolve these problems.

These methods were developed organically in response to issues arising from our attempts to
resolve critical collapse using AMR as implemented in PAMR/AMRD [101}, 102]. At the time of
implementation (2017-2018), we were not aware that very similar methods had been previously
employed by Mongwane in his 2015 treatment of AMR transition zones [88]. We therefore present
our motivation and derivation but acknowledge that much of our method is virtually identical to
previously published work. The primary differences appear to be in our motivation (Secs. H.3
and [H.4)), determination of parameters (Sec. and implementation of the distance function

(Sec. [H.7).

H.1 AMR in Brief

The Berger-Oliger approach to AMR, introduced in the 1980’s [24] is one of the pioneering, and still
most prevalent, approaches to adaptive mesh refinement. At the heart of this method is the idea of
using a hierarchy of nested uniform grids to allocate additional resolution (which may be contrasted
with other, grid free, approaches to achieve adaptive resolution). In the Berger-Oliger scheme, the
computational domain is initially covered by a coarse grid and as the simulation progresses and
additional resolution is required, child grids are introduced in regions of interest as depicted in
Fig.

The location of these child grids is typically determined based on features of the solution being
computed and may be based upon solution gradients, features of interest or estimates of local
truncation error (see Sec . When new child grids are created at any level, initial data is
determined by transfer of values from regions which overlap extant grids at that level, as well as
by interpolation from the parent grid as necessary.

In order to ensure accuracy, fine grids are typically evolved using smaller time steps than the
coarse grids and the boundaries of the fine grids are set using interpolation from the coarser parent
grids. Conversely, when parent and child time levels are aligned, the values computed on the child
grid are passed back to the parent grid using a restriction operation.
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H.2. Introduction and Conventions

Figure H.1:  An AMR grid consisting of 4 levels (displayed in black, blue, purple and red) with
a 2:1 refinement ratio. In this example, the grids would be allocated using local truncation error
estimates. The grid functions on each grid are evolved separately, but the boundaries of a refinement
region are set via interpolation from the coarser parent grid. When time levels are aligned, the fine
grid solution is injected onto the coarse level grid as described in [24, 101, 102]

H.2 Introduction and Conventions

In what follows we will assume two spatial dimensions, (x,y), but all techniques generalize readily
to higher dimensions. We consider the problem of boundary interpolation in an AMR scheme
following Berger and Oliger [24] except, as is the case for PAMR [102] and AMRD [101], we assume
that child grids are aligned with the parent grid coordinate system and share common points in
both space and time. For a parent grid at level I with coordinates (Vz; and (l)yj and grid spacings
O hy, and (l)hy, any child grid will have an integer grid refinement ratio, p, relative to its parent.
Specifically, the parent and child grid spacings satisfy:

W 0h, = Oy, (H.1)
“+p, = Ony/p, (1.2)

and we assume that the edges of the child grids are aligned with points on the parent grids.

In what follows, we will assume that we are working with hyperbolic systems of equations such
that each of the spatial grid spacings is h (i.e. Ohy = (l)hy = (l)h) and the temporal spacing at
level [ is given by W, = XOh. Here A is the Courant factor as discussed in Secs. This
restriction does not significantly change our analysis, but it does simplify notation. Furthermore,
we will restrict our analysis to the case where p = 2, such that there is a factor of 2 refinement
between successive levels in the grid hierarchy. Once again, this does not change the core of the
analysis but it implies that if someone wishes to use this method in a code with refinement ratios
different than 2, they should rederive the results of Sec. [H.6.

We further assume that, for a region where the finest grid is at level [, the solution is well resolved
both at level | and level [ — 1. In this case, we can sensibly invoke the Richardson ansatz [112]
and calculate a local estimation of the truncation error on the interior of the fine grid. Assuming
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H.3. Spatial Derivatives and Discontinuities

that the grids are synchronized at time ¢t = tp and that the integration is O(hP), then at time
t = to + A=Dh, the solution, @, on the fine (V%) and coarse ("D i) grids within the interior will
be:

O = u+ 2Xh(h)Pey + - - -, (H.3)

=D = u + 20h(2R)PE, + - - - (H.4)

where h = Wh = 1/2 . (=Dp_ 4 is the continuum solution that would be found for initial data
prescribed at t = to and €, is the h-independent leading order error function in the Richardson

expansion. From this, we can determine an approximate solution error Ve = Og — (=g and, if
we had another coarse solution, (=27, we could calculate the convergence factor Q(t) as in Sec

H(lfQ),a o (lfl)an

QW) =" —og), (H5)
where || - || is some norm. If we are in the convergent regime, then we should find:
AMNR(4h)™ — AXh(2R)™

O [AAR(2R)™ — AXR(R)™|,

H.3 Spatial Derivatives and Discontinuities

Returning to the unigrid case, consider a spatial differencing operator, D", which is an approxima-
tion of some continuum operator D (see Sec. [2.5)):

D" =D+ hD,+---, (H.7)

where D,, is some higher-order derivative operator. Let u” be the solution of D*(u") — f =0
(where f" are some source functions) with Richardson expansion given by

u' = w4 hPey + P e,y - (H.8)

Here, u is the solution of the continuum equation D(u) — f = 0 and, again, €y, €p41, etc. are, by
assumption, h-independent, smooth error functions. We can apply D" to u” to find:

D"(u") = (D +PDy 4 ) (u+ hPep + ), (H.9)
=D (u+hPep+---) + WDy (u+ hPep+ ) + - -
= D(u) + h*D(ep) + hPD,(u)
= D(u) + O(h?).
We thus see that the action of D" on a solution u”, which differs from w at p** order, is equal to
the action of D on u to p'™ order.

It is important to realize that this is only true when «” has a valid Richardson expansion (i.e.
the leading order error terms, €, are smooth functions). Instead of (H.8), assume that we had:

ul =u+ hPey + WP ey - (H.10)
on one side of a hyperplane partitioning our solution and

ul = u+ hPE, + WP - (H.11)
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on the other side of the partition. In this case, the action of D" on w” in the vicinity of the

hyperplane would no longer be pt* order. Instead, it would be of order p — d, where d is the degree
of the operator D”. This can be understood by recalling that any finite difference operator of order
d contains a factor of 1/h?. If we apply a finite difference operator across a sudden change, e.g.
a step function, the leading order term will be proportional to 1/ he. Therefore, application of a
finite difference operator across a sudden change suppressed by a factor of AP yields a leading order
term proportional to hP~¢.

This is exactly what happens in the case of boundary interpolation in AMR: if the boundaries
of grid functions on the fine levels are set with order m < p 4+ d interpolation, then we expect
discontinuities to develop at the boundaries. In order to completely avoid this, we must therefore,
naively, set grid boundaries using order m > p 4+ d temporal interpolation when the fine and coarse
grids are not aligned. However, due to the fact that boundaries only account for a small portion of
the domain, the condition for global (as opposed to local) convergence is that the boundaries must
be set with order (p + d — 1) temporal interpolation [24].

H.4 The Issue With Temporal Boundary Interpolation

By ensuring that the boundaries are set with the correct order interpolation, we can easily evolve
all grids to synchronized time levels. Once there (and assuming the grid functions are adequately
resolved on the coarse grids in the vicinity of the boundaries), recursive injection of grid functions
ensures that all grids are ready to be further evolved.

The only issue is that it is actually quite challenging to set up a Berger & Oliger AMR scheme
with order (p+d—1) temporal interpolation. Consider the extremely simple case of a wave equation
cast in first order form. First make the definitions:

T = 0, (H.12)
¢ = 0. (H.13)

Then the wave equation can be written as the system

o = 020, (H.14)
Orp = Oy (H.15)

Using a simple 2" order integration scheme (Crank-Nicolson or RK2 with a 3-point spatial stencil
for example), we find p = 2, d = 1, and we therefore require only 2°¢ order temporal interpolation
and two time levels. If we use the second order form of the wave equation however:

Oy = Oy, (H.17)
and want to make use of a 4™ order evolution scheme, we would find p = 4, d = 2 and would
require 5" order temporal interpolation which in turn would require five time levels. Given that
AMR is adaptive, there is no guarantee that the AMR hierarchy would even contain the coarse
points necessary to perform the interpolation. In short, this implementation is memory inefficient
and significantly complicates maintenance of the AMR hierarchy for p+d —1 2 3.
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H.5. Getting Around Temporal Boundary Interpolation

H.5 Getting Around Temporal Boundary Interpolation

All of the issues that we have encountered so far have been caused by the need to set values on the
grid boundaries during the fine grid evolution. When time levels are not synchronized, we require
(p+d—1) time levels to perform the corresponding temporal interpolation. Conversely, when time
levels are synchronized, we could follow the approach of Lehner et al. [76] and perform order p + 1
interpolation with only a single time level. For hyperbolic FDAs, we can take advantage of the fact
that the speed of information is finite and simply throw out the contaminated fine grid evolution
in the vicinity of the boundaries. This procedure is highlighted in Algorithm

Algorithm 8 Tapered Boundary Algorithm
considering temporally synchronized grid functions, u,
at levels | — 1 and 1: "Yu™ and Du2" respectively
initialize (—1qyn, (Dy2n
while Ot < t,,, do
evolve (F1yn go (1)t
evolve Dy2" to (Dy2n+1
evolve (l)u2n+l to (l)u2(n+l)
interpolate CFL boundary from Dyt to (Dg2(n+1)
inject grid from V2" +1) to (=11
setn=n+1
end while

Unfortunately, Algorithm [§is incomplete and provides, at most, order p+ 1 order interpolation.
Thus, after application of a derivative operator in the vicinity of the boundary region, the leading
order error term will be O(hP*1=9). In order to have convergence away from the boundary, we
therefore require O(h?) ~ O(hP*'=%) or d = 1: as it stands, this algorithm only truly works for
hyperbolic PDEs formulated in first order form. The crux of the issue is, once again, that derivatives
taken in the vicinity of the boundary are operating on functions which have discontinuities at order
p + 1. Explicitly, at the edge of the boundary there is an abrupt transition between a function of
the form

Wl [(H) in] {(H)hpﬂ} 7 (H.18)
and one of the form

@~ + [OE7) [Onrt1]. (H.19)

Here, (l_l)EZ-" and (Z)Ei” are not the leading order terms in a Richardson expansion: the boundary
interpolation will introduce contamination at a lower order and beyond that, flux correction or
stabilization techniques such as Kreiss-Oliger dissipation [72], will generally prevent (lfl)Ei" and
(l)EZ” from being the same function.

The key word in the phrase “abrupt transition” is abrupt. The discontinuity between the
functions can be essentially thought of as a step function of width h. We consider the action of
blending the two distinct regions via,

= (1—b;) - (uy v [U—”Eﬂ [U—Uhp“D b; - (uy v [U)Eﬂ [U)hpﬂ]) (H.20)
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H.5. Getting Around Temporal Boundary Interpolation

where b; is a monotonically increasing function which interpolates between 0 and 1 over the span of
Ny, grid points. This blending approach was previously and independently considered by Mongwane
in [88] although it is motivated in a slightly different manner.

By optimizing these interpolating polynomials to zero successive derivatives at the edges of the
refined domain, we help to regularize spatial derivatives in the presence of the boundary regions.
Equations f present the first 5 of these interpolating polynomials and they are plotted
in Fig. Figures demonstrate how each successive polynomial helps to regularize one
further derivative, helping to smooth out the transition region.

bo () = H (x) (H.21)
by () =x (H.22)
by (z) = 2%(—2z + 3) (H.23)
b (z) = 2°(62% — 15z + 10) (H.24)
by (z) = 2*(—2023 + 702% — 84z + 35) (H.25)
1.2 1
— bo(x)
10 T b1 (.Z‘)
084 ba(@)
o ba(x)
5 0.64 —— by(z)
<04
0.2 -
0.0
_0.2 L T T T T T T T T T
—0.50 —0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50

T

Figure H.2: The first five blending functions with z = i/ (N}, — 1) where ¢ is the number of grid
points from the edge of a region and N}, is the width of the blending region. The function by (z) is
designed to smoothly interpolate between 0 and 1 over the course of Ny, grid points. Each successive
bi(x) is derived by requiring that an additional set of derivatives vanishes at the endpoints. E.g.
the first derivatives of by(x) vanish at = 0,1 while the first and second derivatives of bs(z) vanish
at x = 0,1. These polynomials are identical to those derived in [88]

Unfortunately this does not truly fix the problem. Reducing the magnitude of the error terms
does not effect convergence and the application of a d*"* derivative across a boundary with an order
p + 1 discontinuity will still result in a derivative with only order p + 1 — d accuracy. At this
point, though, we should remind ourselves of the core issue we are attempting to fix: preventing
spurious regridding of the boundary regions in the wake of refining a region of high truncation
error. Achieving perfect convergence is secondary to this goal.

In AMR with a local truncation error tolerance of €, grid refinement is performed when some
norm of the difference between grid functions on two synchronized levels exceeds €y. For a hyperbolic
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Figure H.3: The effect of applying the second order accurate centered first and second derivative
stencils to by for N, = 8,16,32. As resolution increases, the relative error increases dramatically
going as 1/Ny, for first derivatives and 1 /Ng for second derivatives. This effect can cause significant
numerical error to develop at grid boundaries contributing to spurious regridding.
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Figure H.4: The effect of applying the second order accurate centered first and second derivative
stencils to by for Ny, = 8,16, 32. As resolution increases, D,b;(x) converges while D,xby (z) diverges
as 1/Ny.
PDE of the form
Ou =Dy(u) + f (H.26)
with O(hP) accurate FDA
D (u") = Dh(u") + f* (1.27)
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Figure H.5: The effect of applying the second order accurate centered first and second derivative
stencils to by for Ny, = 8,16,32. As resolution increases, both Dy by (z) and D,ba(x) converge.

operating on data with a characteristic magnitude of ~ 1, refinement (in the interior where the
Richardson expansion should still hold) occurs when,

e ~ 2) [(”h] (U)a?””) “A [U*Uh] (U*Ufﬂﬂ) > ¢, (H.28)
e~ 2x [On] ([Or] - [2<l>h]p) & > co. (H.29)

Assuming €, ~ 1, we find that refinement should occur when:
+1 +1
e~ eg~ (2 [“)h])p - (U—l)h)p (H.30)

Consider h = (=D} and a region requiring refinement with e ~ h?T! ~ ¢ on the interior and
e ~ hPtl < ¢y on the exterior. We perform the refinement procedure and evolve the two regions
until they are once again synchronized. On the exterior region we will once again find, e ~ hP*! < ¢
while the interior region now has e ~ (h/2)PT! < ¢y (with the addition of the refined grid, level [ is
now the base grid for the truncation error calculation). If the PDE has d*® derivatives, the error
on the boundary without blending is then e ~ (h/2)™~ %+,

Our goal is then to prevent spurious regridding in the boundary region. This is equivalent to
asking what conditions on the blending functions are sufficient to ensure the error in this boundary
region satisfies e < ¢p. Once we have a blending function which satisfies this condition to our
desired tolerance, we can recover full p'' order convergence (in the sense of a residual convergence
test) by widening the stencil of the blending function by a factor of p for each factor of p decrease
in h. This variant of the Tapered Boundary algorithm is presented in Algorithm [9| and turns out
to be essentially identical to the 2015 work of Mongwane [88].

H.6 Determination of Parameters

Determination of the boundary width, Ny, proceeds as follows. Choose the desired per-step error
tolerance, €p, while noting the highest order derivative, d, and associated finite difference stencil.
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Algorithm 9 Smooth AMR Algorithm
considering temporally synchronized grid functions, u,
at levels | — 1 and 1: "Yu™ and Du2" respectively
initialize (—Dqyn, (g0
while Ot < ¢, do
evolve (Fy" to =Dy
evolve Ny to (Dy2nt1
evolve (l)u2n+1 to (l)u2(n+1)
interpolate CFL boundary from (=D to (g 2(n+1)
blend transition region between (~Dym*1 and Dy 2(n+1)
inject grid from (W 2(n+1) to (=1)yn+1
setn=n+1
end while

n+1

—_
@

For a given blending function, b(x), d® degree differencing operator D" and blending width, Ny,
determine,

B; = max (‘DZb(x)D /max (‘D;’bo(m)D . (H.31)

Then, if e ~ B, - (h/2)™ 9! < ¢ is not satisfied, increase Ny, or choose a different blending
function. As a concrete example, consider a fourth order accurate implementation of the wave
equation written in second order form (Equns. 7), with b(x) = bo(x), ¢ = 107> and
D} some abstracted fourth order accurate temporal derivative scheme which relies on intermediary
time levels (RK4 for example).

Dyl =, (H.32)
1
Dl = oy (=l + 16u], = 30u] + 16wl —vls) (H.33)

The maximum of the fourth order accurate second derivative operator acting on bo(x) is ~ 1/h?
and since b(z) = bg(z), B, = 1. For data with a characteristic magnitude of 1 (roughly equivalent
to using a truncation error estimate normalized to the magnitude of our fields), we have eg ~ ™t
h ~ 107!, The condition for eliminating spurious regridding

By - (h/2)" ! < e, (H.34)
1- (1071 2) > <1079, (H.35)
0.000125 <1072, (H.36)

cannot be satisfied and we conclude that the condition cannot be satisfied with b(z) = bo(x) without
increasing the size of the regridding region well beyond where the error is ~ €. For b(z) = by (z),
B, ~ 1/Ny. The condition for eliminating spurious regridding is:

B - (h/2)" M S e, (H.37)
1 _ 4—2+41 _
— . (1071/2 <107° H.
w, (1071/2) 7 S 107 (H.38)
Ny, > 16, (H.39)
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and we expect that the linear blending function with N, ~ 16 should prevent spurious regridding.
For b(x) = by(x), B, ~ 6/N{. The condition for eliminating spurious regridding is therefore:

be - (h/2)™ ! < e, (HL.40)

6 _ 4-241 _
— . (1071/2 <107° H.41
Ny = 8. (H.42)

It should be noted that the derivations given above are heuristic. In practice there is a complex
interplay between the error induced in the boundaries and the size of the regridding region. It is
frequently the case that one can satisfy the required error bound by using sufficient dissipation and
increasing the size of the regridding region to compensate for the relatively large errors which are
introduced by using a low order blending function.

H.7 Implementation

In 1D, the blending function is trivial to implement. For a CFL boundary of width N.g and a
blending function of width Ny, the minimum grid size is simply N = N.g + Ny at a physical
boundary and N = 2N.q + 2NV}, on the interior. In 2D or higher though, it is necessary to find
some distance metric from the boundaries of the refined region which permits smooth interpolation
of the blending function near the edges and vertices of the region. In practice, we have found the
procedure outlined in Algorithm [10] to be effective.

Algorithm 10 Generate Blending Function

1: for point in region do

2 for i in number of dimensions do

3 d[2-i] = max(x]i] - (bbox[2-i] + N_cfl-h)/h, 0)

4 d[2-i+1] = max((bbox[2-i+1] - N_cfl-h)/h - x[i], 0)
5 end for

6: inverse_distance = 0

7 for i in 2 - number of dimensions do

8 if boundaryl[i] is not a physical boundary then
9: inverse_distance += pow(d[i], -m)

10: end if

11: end for

12: distance = pow(inverse_distance, -1/m)

13: if distance is infinite or not a number then

14: distance = 0

15: if all boundaries are physical then

16: distance = N_b

17: end if

18: end if

19: relative_distance = min(distance / N_b, 1)
20: blend_mask[point] = blend(relative_distance)
21: end for

This algorithm simply calculates the distance from the current point on the grid to the edge
of each boundary, and then reduces that distance by N.q points. Some power m is chosen, and
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the m™ inverse of these distances is added together to get a smooth inverse distance. This inverse
distance is then raised to the power of —1/m to get a smoothed distance to each boundary. Finally,
the distance is divided by NV}, and clamped between 0 and 1. This clamped relative distance is used
to set the value of the smooth interpolating polynomial.

In practice, we find that m = 4 has a good blend of smoothness and compactness. For a D
dimensional grid, one finds that the minimum grid size is N = 2Ncﬂ+2Nb(2D)1/ ™ in all dimensions.

H.8 Smooth AMR for the 2D Wave Equation

We implement a minimal example of the blending method in PAMR/AMRD for the 2D wave
equation with Dirichlet boundary conditions:

8tw (t x y) (t7 x, y) )

) xmw (t,x,y) +ayy¢ (t,l‘,y),

(t Lmin, ) ¢(t Tmax» y) = ¢(t7 x, ymin) = ¢(t, x, ymax) = 0,
) =

(t Lmin, 7T(t SUmaXay) = 7T(t,[L‘, ymin) - W(t’xyymax) =0,

o (t,z,y

using the fourth order discretization given by Equs. (H.32)—(H.33) with an RK4 integrator and
sixth order KO dissipation to curb high frequency instabilities. For initial data we take:

¥ (0, 2,y) = e~ (@=20*+3%) /0% 4 o—((@+a0)*+y?)/0* (H.47)
7(0,z,y) =0, (H.48)
with parameters
1
o = ;7U:Z7Nb: 167 (H49)
—ZTmin = Tmax = —Ymin = Ymax = 9- (H5O)

The simulation is evolved until £ = 12. We use a per-step error tolerance of ¢y = 1-107° and compare
standard AMR using 2" and 3'¥ order temporal boundary interpolation to our implementation of
smooth AMR with blending functions by, by and bs.

For these settings, we find that the standard AMR with 2°¢ or 3'¢ order boundary interpolation
develops regridding pathologies. In these runs, boundary errors cause regridding to the finest
possible level across the entire domain of the simulation by ¢ ~ 1. In order to prevent this, it was
necessary to reduce the per-step error tolerance to ¢y ~ 1-1073. Figure plots the ls norm of
the residuals between 7" and 7 (determined by running a unigrid simulation at high resolution)
for each of the AMR simulations. Although the difference between by and by or by is marginal for
these simulations, we find that the derivatives (Fig. are much better represented for b; and
by relative to bg.

Figures demonstrate how the blending technique massively reduces the presence of
high frequency noise propagating from grid boundaries. For standard AMR, high frequency “noise”
is readily apparent in second derivatives (Figs. and absolutely dominates the spectrum
by the third or fourth derivative (Figs. [H.11HH.10). This sort of high frequency noise may then
propagate from the regridding boundaries and can cause a feedback cycle of spurious regridding if
insufficiently damped.

Note that in Figs. and the regridding regions are set using the bo regridding script
(e.g. the gridding was not performed based on local truncation error estimation and instead simply
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Figure H.6: Iy norm of the error between the true solution, m, and the computed solutions, 7",

restricted to uniform grids. As AMR with 2° or 3" order boundary interpolation develops re-
gridding pathologies for ¢y = 1-107°, these simulations were performed using the by regridding
procedure to give a “best case” comparison. The smooth AMR technique seems relatively inde-
pendent of blending function with the by step function surprisingly outperforming both b; and bs.
When we examine the evolution in detail, we see that at the initial time, the by simulation creates
larger regridding regions thereby reducing the error. Compare with Fig. which examines the
higher derivative residuals.

copied the regridding procedure of the by simulation). As noted previously, AMR with ond op 3rd
order boundary interpolation was found to be pathological for ¢y = 1-107°. As such, Figs.
and and represent idealized, best case scenarios; the actual performance of the method with
adaptive truncation error based regridding would be much worse.
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Figure H.7: l5 norm of the error between 0,47 and Opwzem restricted to uniform grids. Although
the presence of the smoothing functions had a minor negative impact on the overall accuracy of the
simulation (see Fig. , here we can see its utility. When boundaries are not smoothed, regridding
can lead to the formation of high frequency modes (spikes in the above graph) which may then
propagate causing additional spurious regridding. In the by and by simulations, regridding is smooth
at the level of the fourth derivative, however we see that N}, = 16 is evidently insufficient to derive
any improvements from by over b;. In the case of the wave equation simulation, the boundary
errors in the by simulation damp out and are transient. In more complex simulations with frequent
regridding and many length scales, those same sorts of errors may become significant and lead to

spurious regridding.
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arcsinh (9 mwb )|t= arcsinh (0, 7)|t=6
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Figure H.8: Second derivative, 0,,7 evaluated at ¢ = 6 for AMR with blending function by (repre-
sented as 77{:2) and a high accuracy unigrid simulation (represented as 7). Here we have zoomed in
on the region z = [—1, 1], y = [1, 3] to better compare with Fig. which plots the corresponding
solution for AMR using second and third order boundary interpolation in time. Note that we are
plotting arcsinh(z® ) rather than 7r . and that the AMR simulation appears smooth and essentially
indistinguishable from the hlgh—order unigrid solution.

arcsinh (0., 7"_5) |1=6
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Figure H.9: Second derivative, 9,,7 evaluated at t = 6 for AMR with second order boundary
h

interpolation (represented as m'_,) and AMR with third order boundary interpolation (represented
as m'_;). Here we have zoomed in on the region x = [—1, 1], y = [1, 3] to better highlight propagat-
ing high frequency modes which can be seen as narrow striations (compare with Fig. [H.8). At an
error tolerance of 1-107°, AMR with second and third order boundary interpolation in time regrids
pathologically rendering direct comparisons meaningless. As such, this simulation was performed
using the regridding script of the by smooth AMR run. Note that we are plotting arcsinh(¢2 )

rather than " to better highlight the propagating high frequency modes.
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arcsinh(0 mﬂ'bz )= arcsinh (0., 7)|t=¢
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Figure H.10: Fourth derivative, 0., evaluated at ¢ = 6 for AMR with blending function b
(represented as 7r,’}2) and a high accuracy unigrid simulation (represented as m). Here we have
zoomed in on the region z = [—1,1], y = [1, 3] to better compare with Fig. which plots the
corresponding solution for AMR using second and third order boundary interpolation in time. Note
that we are plotting arcsinh(n, ) rather than 7", and although there are clearly departures from

the high accuracy unigrid solution, given the overall scale, they are fairly minimal.

arcsinh(0,,7"_,) |1=6 arcsinh(9p, m_3)|1=6
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Figure H.11: Fourth derivative, 0.z evaluated at t = 6 for AMR with second order boundary

interpolation (represented as 7"_,) and AMR with third order boundary interpolation (represented

as m'_,). Here we have zoomed in on the region x = [—1, 1], y = [1, 3] to better highlight propagat-

ing high frequency modes which can be seen to completely dominate the solution (compare with

Fig. [FL.10).
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