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Abstract. We present numerical solutions of the hyperboloidal initial value problem
for a self-gravitating scalar field in spherical symmetry, using a variety of standard
hyperbolic slicing and shift conditions that we adapt to our hyperboloidal setup. We
work in the framework of conformal compactification, and study both evolutions that
employ the preferred conformal gauge, which simplifies the formal singularities of our
equations at null infinity, and evolutions without this simplification. In previous work
we have used a staggered grid, which excludes null infinity, while now we include the
option of placing a gridpoint directly at null infinity. We use both the generalized
BSSN and conformal Z4 formulations of the Einstein equations, study the effect of
different gauge conditions, and show that robust evolutions are possible for a range of
choices.

1. Introduction

The energy loss and radiation of isolated systems are in general only well defined at
future null infinity (#*). This is where we can consider observers of astrophysical
events to be located [1, 2, 3], and where we would ideally want to extract radiation signals
from numerically constructed spacetimes. In order to treat a physical system of infinite
extent, we follow Penrose’s approach [4, 5], and conformally compactify spacetime: the
physical metric §,,, which diverges at infinity, is rescaled by a conformal factor €2 that
is chosen to vanish at .# ™ to construct a finite metric g,

G = Gy (1)
The Einstein field equations written in terms of the rescaled metric g, formally diverge
at S
2
Q

In our work we will solve an initial value problem where spacetime is foliated by

) _ o 3
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smooth spacelike slices that reach £, known as hyperboloidal slices. The hyperboloidal
initial value problem was pioneered by Friedrich, who developed a reformulation of the
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conformally rescaled Einstein equations (2) in terms of a regular system of equations, the
“Conformal Field Equations” [6, 7, 8]. Due to general relativity’s character as a gauge
theory, approximation schemes that solve the Einstein equations as an initial value
problem tend to suffer from instabilities in the continuum equations. As a consequence,
small numerical errors can trigger growing modes in the gauge or constraint degrees of
freedom, see e.g. [9, 10, 11].

In recent years, numerical simulations of mergers of compact objects have provided
crucial information about the gravitational wave signals of such events, which was
essential to identify the sources the signals discovered since late 2015 by the LIGO
and Virgo detectors [12, 13, 14, 15]. In these simulations, Cauchy slices are evolved
up to some finite distance from the source, and extrapolation methods or characteristic
extraction [16, 17] are used to estimate the signal at future null infinity. Such simulations
have only been possible after the breakthroughs of 2005 [18, 19, 20|, which have
established gauge conditions that are appropriate in particular for the strong field
region in the vicinity of black holes, and avoid instabilities that had plagued the field of
numerical relativity for many years. Our goal here is to develop a simple implementation
of the hyperboloidal initial value problem: starting with a formulation close to those
routinely used to study astrophysical situations like the coalescence of compact objects
(such as BSSN and Z4 [21, 22, 23]), we then modify it to resolve instabilities rooted in the
continuum formulation. Since the equations are formally singular, numerical schemes
to solve the conformally rescaled equations have to be constructed to appropriately
regularize the singular terms. A key idea in simplifying such regularization procedures
is an appropriate choice of gauge, which is adapted to the inherent simplicity of null
infinity. In order to achieve this goal, we face problems and instabilities similar to those
that previously plagued the numerics of the strong field region. For a discussion of
how such problems are resolved by current gauge conditions on Cauchy evolutions, see
e.g. [24, 25]. The problems we face here are mainly due to the compactification of null
infinity. As for the problems associated with black holes, the essential problems can
already be captured in spherical symmetry, which motivates using spherical symmetry
in our present work. While in the full 3-dimensional case new problems may appear,
we do expect that resolution of the problems we address in the spherical symmetric
context will carry over to the full 3-dimensional case. The extraction of gravitational
wave signals at future null infinity is one of the main final applications of our work. As
gravitational waves cannot arise in spherical symmetry, we use a massless scalar field
to introduce physical dynamics and mimick gravitational wave effects, so that we can
extract and analyse signals in our spherically symmetric implementation. The coupling
of a scalar field with the Einstein equations has been widely studied in relation with its
critical collapse [26], using asymptotically flat instead of hyperboloidal slices, where the
scalar field does not introduce particular difficulties apart from requiring high resolution
to resolve critical phenomena.

A natural class of simple choices for the coordinates and conformal factor at null
infinity is known as the “preferred conformal gauge” [27, 28, 29|, where the conformal
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factor €2 satisfies the wave equation with respect to the unphysical rescaled metric g,
890 . = 0. (3)
With this choice one can show that also
vuvya\ﬂ+ =0, (4)

so that the three divergent terms in (2) attain a finite limit at .#* independently,
and consequently the problem to find a regularized and stable numerical scheme for
the hyperboloidal initial value problem simplifies considerably. The preferred conformal
gauge has been used to derive boundary conditions at null infinity for elliptic-hyperbolic
systems, see [30, 31, 32|, including constrained evolution schemes in a tetrad formalism
(33, 34], and alternatively to define gauge conditions for a hyperbolic free evolution
scheme in the approach by Zenginoglu [35, 36, 37]. The preferred conformal gauge
ensures that the null generators of .# " are geodesic and expansion-free (they are already
shear-free in a conformally invariant way). A relevant consequence of the expansion-
free null generators of # 7 is that their affine parameter can be identified with the time
coordinate at ., which is then commonly called Bondi time and corresponds to the
proper time measured by an inertial observer moving along .#* [7]. The Bondi time
parameterization can be chosen separately from the preferred conformal gauge, and such
a choice allows to extract signals at .# " without any deformations caused by non-inertial
coordinate effects.

Pioneering work toward a free evolution scheme for the hyperboloidal initial value
problem was performed by Zenginoglu [38], who carried out evolutions of Schwarzschild
initial data in a spherically symmetric code, using the generalized harmonic form of the
conformally rescaled Einstein equations (2), and in particular the generalized harmonic
coordinate gauge on the conformally compactified manifold. The latter included source
functions that satisfied the preferred conformal gauge (3), although it was not clear how
to impose the Bondi time parameterization at .#*. The conformal factor Q was a fixed,
time-independent function of the coordinates, while the numerical grid did not include
# . No numerical instabilities directly associated with null infinity were detected in his
work, however continuum instabilities originating in the bulk of the spacetime obstructed
long-time evolutions.

Inspired by Zenginoglu’s work, we have previously presented stable unconstrained
evolutions in spherical symmetry for different types of regular initial data [39]. Instead
of the generalized harmonic formulation of the Einstein equations used by Zenginoglu,
we used the BSSN [21, 22] and Z4 [23] systems, which have been used successfully for
black hole spacetimes in the context of singularity-avoiding slicing conditions [40]. In
this work we did not use the preferred conformal gauge, but a modified harmonic slicing
condition with source terms designed to account for the non-trivial background geometry
of hyperboloidal slices (with respect to standard Cauchy slices) and to avoid instabilities
in the continuum equations; in particular formally singular damping terms were used to
drive the lapse to a constant value at .#* throughout the evolution. The shift vector
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was not evolved, but chosen fixed to its value in flat spacetime and compatible with our
requirements at £ (see subsection 2.1).

In the present paper we implement and test a wider class of gauge conditions
both for the lapse and the shift. Our lapse conditions are generalisations of the Bona-
Massé family of slicing conditions [41], while (apart from a fixed shift) we consider
modifications of the Gamma-driver shift condition [42] and the generalized harmonic
shift conditions [43]. As chosen by Zenginoglu, we formulate the gauge conditions in
terms of the compactified metric instead of the physical one. For work that discusses
time-independent hyperboloidal slices using the Bona-Massé family of slicing conditions
formulated in terms of the physical (unrescaled) metric, see [44].

We achieve stable evolutions for various combinations of these gauge conditions,
as well as for similar gauge conditions that satisfy the preferred conformal gauge (see
section 4), and we describe the techniques we have used to suppress instabilities and
choose appropriate parameters in our setup to achieve long-term stable evolutions.
While our class of gauge conditions also includes the case of Bondi time parameterization
(see sections 2.2, 4 and 6.2.1), in this particular case we have not yet been able
to suppress code instabilities. We will describe how the solution can in general be
reparameterized “a posteriori” to obtain undistorted signals at .#*. Essentially, we
find that while work may be required to make a particular class of gauge conditions
work, and in some cases, such as the Bondi time parameterization, further work is still
required, a robust treatment of .#* is indeed possible with respect to different gauge
choices. We will present extensions of our work with black hole spacetimes in future
work [45]. For a recent study of hyperboloidal black hole initial data see [46]. Another
innovative approach to the hyperboloidal problem that uses the dual foliation formalism
[47] is [48].

The implementation of stable gauge conditions that satisfy the preferred conformal
gauge also simplified the inclusion of .# " in the numerical grid. Previously [39], we used
a staggered grid that did not include #* (where the evolution equations are formally
singular) as a grid point, but we could show that extrapolation to .# converged at the
expected order, consistent with the convergence order in the interior of the grid. With
the new non-staggered grid we can evaluate all evolved quantities exactly on future
null infinity, without any kind of extrapolation. This approach has in particular two
types of technical ingredients (see subsection 6.2): the identification and imposition of
the regularity conditions at .# " and the transformation and rewriting of the divergent
terms in the equations so that they attain a finite limit at future null infinity.

The paper is organized as follows: a detailed description of the preferred conformal
gauge and its relation with the Bondi time is presented in section 2. How we adapted
several standard slicing and shift conditions to the hyperboloidal problem is explained
in section 3. The implementation of the preferred conformal gauge as a system of
hyperbolic gauge conditions is described in section 4. The performance of some gauge
conditions is illustrated in section 5, where the deformation of the scalar field signal
at £t is compared for several combinations of slicing and shift conditions. The
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implementation of the non-staggered grid that includes a gridpoint on £t as well
as some results that compare its behaviour to that of the staggered grid, are presented
in section 6. Our notation, details on the formulation of the Einstein equations and the
evolution variables we use is summarized in Appendix A. Explicit expressions of the
gauge conditions that satisfy the preferred conformal gauge are presented in Appendix
B, while previous versions of slicing conditions that were tested in our code are included
in Appendix C.

2. Preferred conformal gauge

Here we will describe our basic coordinate setup (choice of conformal factor and
fixed coordinate location of .#1) as the framework where we consider the preferred
conformal gauge (3), and relate both to the Bondi time parameterization at #*. How
we implemented the preferred conformal gauge as hyperbolic gauge conditions will
be explained in section 4, after introducing several modifications of standard general
hyperbolic gauge conditions for the hyperboloidal initial value problem in section 3.

2.1. Our basic setup: time-independent conformal factor and scri-fixing

We start by choosing a conformal factor €2 as a fixed function of the compactified radial
coordinate r, so that € is in particular time independent. Furthermore, we assume the
following functional form such that €(r) is a regular function which vanishes at &7
with non-vanishing derivative (compare e.g. [9, 49]),

Qr) = (—Kearc) T}G;; (5)

where 7 is the coordinate location of future null infinity (which we set to r, = 1 without
restricting generality). The previous expression is obtained in spherical symmetry by
imposing an explicitly conformally flat spatial metric in our coordinates (setting (20b)
in [39], with a = —3/Kcue, equal to unity) on a constant-mean-curvature (CMC) slice,
where the trace of the physical extrinsic curvature is constant and corresponds to the
negative parameter Koyc. Note that even if the initial data in a simulation correspond
to a CMC slice, this is very likely to change during the evolution, but the value of K¢apro
in the definition of the conformal factor Q (5) is kept constant throughout the evolution.
An alternative simple choice for a time-independent conformal factor is Q = 7, —r, with
1y = 1, used by Zenginoglu in [50, 35, 37, 51]. This choice provides a simpler relation
between the compactified radial coordinate and the conformal factor (r = r, —, in order
to use the latter as a coordinate at .# 1), but it may pose problems at the origin, where
the conformal factor is not differentiable. The leading order with which the conformal
factor goes to zero at . is the same in both cases, as our o (17 + 7)(ry — 7).

As a further simplification we choose to set £ to a fixed coordinate location in
our numerical grid, which is known as scri-fixing [52, 35]. In our spherically symmetric
hyperboloidal setup with a time-independent conformal factor we implement it by
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making the time coordinate flow along .#*. This requires that the following relation is
satisfied at all times:

_gttly—o— = (O-/Q - X_1’77“7“5T2>’j+ =0, (6)

see also our discussion and figure 1 in [39].

2.2. Preferred conformal gauge and Bondi time at %"

For a metric and conformal factor that satisfy the preferred conformal gauge condition
(3) we will use the notation go, = %G,

o), =0. (7)

A given conformal factor (5) can always be rescaled to satisfy the preferred conformal
gauge condition, by choosing an appropriate w > 0 such that Q= wQ and (7) is
satisfied. From now on we will only refer to (3) as the preferred conformal gauge if our
setup is such that (5) satisfies it. An in-depth description of the preferred conformal
gauge can be found in chapter 11 of [53] and in [36], and in the same notation as here
in section 4.2 in [54].

A real null vector {* in the Newman-Penrose tetrad [55] can be constructed tangent
to the null geodesic generators of # T, see figure 1 in [39]. Written as o = gab@bQ,
in the preferred conformal gauge it will satisfy the geodesic equation in the affine
parameterization "V, 0" =0 on .7+ by virtue of (4). Its affine parameter is called Bondi
time coordinate (tg) at £+, scaled as (9/0tp)*Vatps = 1. World lines of increasingly
distant geodesic observers converge to null geodesic generators of future null infinity,
and proper time converges to Bondi time [7], thus the Bondi time parameter can be
identified with the proper time of inertial observers at large distances from the source.
Note that the preferred conformal gauge does not imply that the time coordinate is
indeed Bondi time at .#*; this is a separate condition, see the discussion and (11)
below, and subsections 2.4 in [38].

When the conformal factor (5) chosen for a numerical construction of the spacetime
does not satisfy the preferred conformal gauge, it is still possible to determine a
conformal factor that does satisfy (7) “a posteriori”. To do so we take advantage of
the conformal freedom introduced by w and rewrite (7) in terms of w and our fixed

_ _ as?
[(VaQ) (Va lnw)} ’j+ =~ |, (8)
and solve this equation for w using the existing numerical data. In our spherically
symmetric reduction the previous relation takes the form

7 (9)

g+
where a dot denotes a time derivative and a prime a spatial derivative with respect to

=/
Gt

W+ 202

the compactified radial coordinate. If we substitute (6) and use it to rearrange the terms
in (9), we will obtain (28) in [39]. In the spherically symmetric case we only need to
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solve a single ordinary differential equation (9), but in the 3-dimensional case we would
expect a system of equations along the 2-dimensional spherical shell that corresponds to
7, which is a much more complicated procedure, and thus evolving with the preferred
conformal gauge constitutes an important simplification.

The general relation between our numerical time coordinate t, whose scaling is
determined by the behaviour of the lapse and shift during evolution, and the Bondi
time at 7 is given by [39]

a2w

/BTQ/
This is obtained by identifying the Bondi time with the inertial time coordinate of

dtp =

dt. (10)

flat Minkowski spacetime at #*. If the preferred conformal gauge is satisfied during
evolution, the auxiliary conformal factor is trivial, w = 1. The parameterization of
our numerical time coordinate ¢ will depend on the chosen gauge conditions, as they
determine the behaviour of o and " during the evolution. From expression (10) we
obtain the relation between lapse and shift that has to be satisfied at .#* for the code
time ¢ to coincide with ¢5 when the preferred conformal gauge (3) holds:

o?| =B, (11)

Figure 6 in [39] shows a comparison of a signal on some non-affinely parameterized time
(and where (3) does not hold) and with a Bondi rescaled time. A similar, more complete
comparison is included in the present paper in figure 2.

As mentioned before, the preferred conformal gauge (3) also introduces several
simplifications in the equations in our setup, among them: i) the independent regular
limit of the divergent terms at . in (2); ii) the ¢t component of the rescaled metric
goes to zero as —gu| ,+ o 2, faster than in the general case where it vanishes as
—Git| s+ o< Qi) the compactified radial coordinate r corresponds to the areal radius at
& for all times during the evolution, which in our notation is expressed as ggg = const.

The derivation of hyperbolic gauge conditions that satisfy the preferred conformal
gauge (3), is included in section 4.

3. Adapting standard hyperbolic gauge conditions to our hyperboloidal
approach

The adaptation to the hyperboloidal background geometry is especially important for
the equation of motion of the lapse, of which we consider several cases of the Bona-Masso
family of slicing conditions, while some additions to the shift evolution equation also
improve the simulations. We will explain in detail the slicing and shift conditions used
in our approach, and also describe the use of mixed conditions (making some choice
of lapse and shift conditions in the interior of the domain and another one near .#+ -
basically to ensure no incoming gauge characteristic speeds appear at .# ) and how the
matching between both was performed.
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3.1. Qutline of our approach to construct appropriate gauge conditions

Here we will follow and extend our approach in [39]. Taking advantage of the
broad existing knowledge about hyperbolic gauge conditions commonly used in current
numerical relativity codes, we adapt them to our hyperboloidal implementation, by
adding extra damping terms and source functions, and tuning the introduced parameters
experimentally to avoid instabilities. By “tune” we mean the process of finding a range
of values for the free parameters (such as the damping strength denoted as £ in sections
3 and 4 and in the appendices) that provide a stable numerical evolution of the complete
system.

Using a time-independent conformal factor, in particular the simple form we set in
(5), simplifies the numerical implementation of the hyperboloidal initial value problem
significantly: vanishing time derivatives of {2 simplify the complex and formally singular
evolution equations (2), and the scri-fixing condition (6) prevents the location of &+
from moving in the numerical integration domain.

Our approach for adapting existing hyperbolic slicing conditions is the following:
we first set the principal part [56, 57, 58] (the terms in the equations that determine
hyperbolicity and the characteristic behaviour of the system), then add damping
terms with adjustable strength and source functions, and adapt them according to
experimental results until a stable numerical evolution with a well-behaved stationary
end state is achieved. The lapse equation of motion can be constructed in the physical
spacetime (as was done in [44]) and then translated to the conformal domain for its
implementation, or be directly developed in the conformal domain. Both options are
essentially equivalent thanks to the simple translation of the quantities between the two
domains (see section 2.2.4 in [54] and subsection 3.2.4 below), but some of the non-
principal part terms may have different coefficients; for instance, compare the 4th term
in (20)’s and (22)’s right-hand-side (RHS). As previously Zenginoglu, we have decided
to directly work in the conformal domain, which appeared simpler, but it would be
interesting to explore alternatives in future work. The detailed construction process for
the slicing and shift conditions we have tested is presented in the following subsections.

3.2. Slicing conditions

The slicing condition that we use has the same basic form as the one in [39], a generalized
Bona-Massé equation

&= p"d —a*fla) (K — Ko) + L. (12)

In the same way as in [39] we add two analytic functions of the radial coordinate to &’s
RHS: Ky(r) and Ly(r). For hyperboloidal slices the extrinsic curvature K approaches
a finite negative value on future null infinity in our convention (K approaches zero at
spacelike infinity for spatially asymptotically flat slices). Setting the usual choice for
f(@) = na™=? with n > 0 in (12) without K yields & = "¢/ — na™K + Ly, and
it is clear that for m = 1,2 the coefficient in front of o™ will be positive, causing an
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exponential growth that will render the numerical evolution unstable. The quantity K
is thus included to counteract the effect of the hyperboloidal background geometry. The
source function L is calculated from flat data on the hyperboloidal slice and its main
purpose is to ensure that the conformal lapse o remains finite at #*. In the following
subsections we will describe the three different choices for the function f(a) we have
tested: f(a) =1, ni4109/c and neg /a?. The slicing condition (12) can be defined in both
the physical or conformal domains, that is, taking o and K to be physical or conformal
variables. In all six cases (three choices of f(a) with the evolution equation set in the
physical or conformal domains), the effect of the hyperboloidal geometry is encoded in
the source terms (and an extra rescaling by a power of 2 in (C.2) and (C.3)), so that the
hyperbolicity properties of the lapse’s evolution equation (assuming reasonable data) are
qualitatively the same as those for the Cauchy case - with the exception of .Z*, where
the equations are singular. However, all combinations of the slicing condition considered
here form a strongly hyperbolic system of equations in the interior of the domain, and
as £ is an ingoing null hypersurface, no physical information can enter the domain.
In subsection 3.2.4 we will describe a possible way of calculating the source functions
for a derivation started in the physical domain, as well as giving a similar expression
defined in the conformal one. The precise slicing conditions used in the code, expressed
in terms of the actual evolution variables, are also included. Previous versions of the
lapse equation of motion are summarized in Appendix C.

3.2.1.  Harmonic condition: The harmonic slicing condition (f(«) = 1) has been
widely studied in the literature and it has already been tested in the hyperboloidal
initial value approach in [38], together with the generalized harmonic formulation of
the Einstein equations. The question of stationary hyperboloidal slices was already
raised in [44], where the harmonic condition was considered (without source function
Ly) and stationary hyperboloidal slices were found. For these reasons we expected that
the harmonic lapse condition would provide successful results in our implementation, as
was the case dealing with regular spacetimes described in [39]. In our formulation, the
generalized harmonic slicing condition takes the form

&= f"a —a® (K — Kp) + Lo, (13)

and the characteristic gauge speeds provided by this equation of motion are in perfect
agreement with the requirements at .#*, as they coincide with the speed of light. The
effect that the tilting of the causal cone along the hyperboloidal slice has on the speed
of light is shown in figure 1, where the characteristic speeds for flat spacetime data are
displayed.

3.2.2. 1+log condition: The 1+4log slicing condition is obtained by substituting f(a) =

N14log

tHog (with ni440¢ a real positive number) in (12),

= BTO/ — Ni4iog & (K — Ko) + L(). (14)



Spherically symmetric unconstrained hyperboloidal evolution II: gauge conditions 10

The common choice of 1144, = 2 has proven to be well-behaved in numerical Cauchy
evolutions of spacetimes with strong gravitational fields [59, 60, 42]. It has not been
directly set in the previous expression because it does not provide physical characteristic
speeds at future null infinity for any value of Koy e - a property of the 1+log slicing
condition is that gauge speeds can easily become superluminal. If a characteristic
speed at .+ becomes larger than the lightspeed there, a negative characteristic speed
(incoming mode) will also appear at #*. The behaviour of the lightspeeds ¢4 in the
flat hyperboloidal CMC geometry is illustrated by figure 1. As . is an ingoing null
hypersurface, no physical information from the outside can cross it. Gauge information
is however allowed to enter the domain, but then boundary conditions have to be
implemented to treat the incoming gauge modes. Given that boundary conditions are
a difficult problem and we do not know what a good choice for them at .#% in the
hyperboloidal approach would be, we will for the moment use physical gauge propagation
speeds. Thus, instead of 11450, = 2 we make the following default choice for 7,4, which
makes the 1+log expression compatible with the physical characteristic speeds at .#
in the stationary regime (but not in the dynamical one - see subsection 3.4):

Pisiog = 0l =~ (15)
If (14) is defined in the physical domain and translated to conformal evolution quantities,
an extra dividing factor 2 has to added to miy,, to prevent the slicing outgoing
characteristic speed from vanishing at .# . This was the case for (C.5) in Appendix
C.2.

The 1+log condition studied in [44] did not include a source function L, as we
do here and the calculations were performed with the physical quantities on a non-
compactified hyperboloidal slice. Therefore, [44]’s conclusions, which state that no
stationary hyperboloidal slices could be found for the 14log case with nonzero offset
Ky, are not applicable to (14) in the way we have constructed it, as the 1+log conditions
considered in [44] and the current paper are different. We have indeed performed
successful hyperboloidal simulations with our adapted version of 1+log.

3.2.3. cK condition: Motivated by our work to evolve black hole spacetimes, which
we will report elsewhere [45] (in particular to increase characteristic speeds inside of
the horizon to propagate the perturbations faster, which we found to aid the stability
of simulations, see [61, 54]), we also implemented the Bona-Massé condition with
f(a) = "<, where again n.x is a real positive number,

= ﬁTO/ — NeK (K - K()) + Lo. (16)

We call this slicing condition the “cK” condition, for the form of the —n.x K term in its
RHS: constant times K. Unlike in the harmonic and 14log slicing conditions, here the
proportionality factor of K in the RHS will not vanish if a = 0. In a similar way as with
the 1+log condition, the value of n.x is chosen such that the gauge propagation speeds
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at ™ correspond to the physical ones once the stationary state has been achieved,
namely

_ Kemc Tﬂ)Q (17)

e = |, = ( 3
This choice of f(a) does not seem to have been studied in the literature. A related
expression arose in the study of gauge shocks by Alcubierre in [62], where f(a) = 1+k/a?
with k& a vanishing or positive constant is the solution of the differential equation that
guarantees that the characteristic fields will not generate shocks (as is the case for the
harmonic slicing, with & = 0). It has been further studied in [63, 64, 65], but we are
not aware of a studies of the slicing condition (16) in the literature. For a vanishing
shift, slicing conditions of the form (12) lead to a generalized wave equation of the lapse
along the direction normal to the slices with wave speed v, = a4/ f(«)7y% along the
direction z* [63], where ¥;; is the spatial metric. Assuming spherical symmetry (and a
flat spatial metric ™" = x /7, = 1) [66], for this choice of f(«) the characteristic speed
along the radial direction associated to the slicing condition is vy = y/n .k, a constant.
In the past, algebraic lapse conditions [67, 68] were considered for black hole spacetimes.
Some of those algebraic slicings relate the lapse to the determinant of the spatial metric
(7 in our notation) and are calculated from the Bona-Massé slicing conditions (12)
assuming a zero shift and Ky = Ly = 0. Using the relation 0;logy = —2aK, for
the harmonic case we obtain a = f(z'),/7, where f(z') denotes some chosen function
of the spatial coordinates, and for the 1+log one, with coefficient nyi;,, as in (14),
o = f(a') + =52 logy. For our cK condition the result is o = \/f(xz) + nex log .

3.2.4. Calculation of the source functions: In the physical spacetime we define the
following Bona-Massé-like slicing condition, where tildes denote physical quantities:

3 Fa ~ S5 2 ~ -~ 2 (2 ~ 22 ~

a = 700 — BrO;a — &P f (K — KCMC) +&a (a — a) +& (a — a2) , (18)
The coefficient f is a function of the lapse, the background lapse and the
radial coordinate. The quantities & and " are part of the background
physical (uncompactified) metric components (corresponding to the flat metric on a

hyperboloidal slice), which together with y, vz and 7 (the last one does not change
under a conformal compactification) are given by

2 ~ N 1 2 K T 2 ~_ K r K, 7 2
X =0 =1, % = =, a:\/H(CgMC) and 5r:w¥c\/1+<03m> (19)
«

The background trace of the extrinsic curvature K = Koo has already been included
in (18) in the place of Ky in (12). Note that all the previous expressions use the
uncompactified radial coordinate 7. The RHS in (18) has been designed to vanish when
the variables &, 87 and K are equal to their background values. The parameters & and
&5 have been introduced to control the damping on the lapse. In most cases, enforcing
the linear term controlled by &; is enough for stability. However, including the quadratic
damping term with & is useful when experimenting, as due to the non-linearities the
behaviour of the complete system can be different.
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The equation of motion for the conformal lapse « is obtained by substituting
& = a/Q and & = &/Q. The transformation of the advection terms is such that
B70:a(r) = B"0.a(r) = ("a’. For the relation between physical and conformally
compactified quantities see subsection 2.2.4 in [54]. We maintain the physical K (no
mixing with the Z4 quantity © is included), but express it as the variation with respect
to its background value AK = K — Kcye. The transformed slicing condition yields

2 r()/ () \ A2 2
NI VR fQAK N (ozBQQ B ozBQQ ) £4 (Q B Q) + & <O‘ _ O‘) (20)

with f = 1 for harmonic, f = myy, &/ for 1+log and f = m.x G*/a? for the cK
condition - the & factors are included to make f conformally invariant. Comparing
with (14) and (16), the coefficients ny410y = M1410s0 and nex = mexGa? are no longer
constant: they are time-independent, but functions of the compactified radius r. The
components of the background conformally compactified metric are

2
V= or = Y00 = 1, @:¢m+(%$ﬂ and (7 = Kewer o (2])

corresponding to initial and stationary flat data and calculated from (20) in [39] with

a = —3/Kecye and setting € from (5). The damping terms controlled by & and &
appear now divided by €2, in the way that our numerical experiments so far seem to
require.

A slicing condition similar to (20) can be derived from (12) in the conformal domain.
For this, the conformal extrinsic curvature K in (12) is transformed to its physical

3BQ

equivalent K using K = q K4 , and then the result is expressed in terms of AK.

After adding source functions and damping terms as in (20), the final expression yields

2 rQO)/ )/ A2
O‘“’;AK 3f<0‘6Q C“ﬁQQ) &a(—)m(—%é)

The only difference with respect to (20) is the 3f coefficient in front of the 4th term in
the RHS above. If f = m.x &*/a? is set and at some point a = 0, which can happen for

qa=pfa — fra —

strong field data, the slicing condition will have a diverging term and (22) may render
the simulation unstable. This can be solved by introducing the f factor in front of
o?K after the transformation to the physical trace of the extrinsic curvature has been
performed: then the coefficient in front of the 4th term in (22)’s RHS will be simply 3.

3.3. Shift conditions

3.3.1. Fized shift: For our first simulations on regular spacetimes, presented in [39], we
used a time-independent shift equal to its initial (and also stationary) value, expressed
in terms of our compactified radial coordinate. This is the simplest shift choice we could
find that is compatible with the scri-fixing condition (6). Nevertheless, for simulations
with richer physical content, such as those including a black hole or large perturbations
of a scalar field, an evolved time-dependent shift is a more appropriate choice. Among
the possible hyperbolic shift conditions, we tested the following ones.
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3.3.2. Gamma-driver: Our first test with a hyperbolic shift condition was based on
the Gamma-driver shift [42], due to its common use in current numerical relativity
simulations and its simple form,
3 .

8L/Ba = ZBG’ 8LB“ = A@LI‘“ - nBa with 8L = 8t - BZ&-, (23)
where the auxiliary variable B® is coupled to the contracted connection I'*. Given that
the flat spacetime value of the three-dimensional contracted connection I'" = 49T}, =
—2/r is badly behaved at the origin in spherical coordinates, for numerical purposes it
is much more convenient to use instead the related quantity A® (see [69] or Appendix A
for more details),

A® =T —~4%T¢ (42497, in the Z4 formulation), (24)

where fgc is a time-independent background connection. Thus, we couple the evolution
equation for B* (23) to A instead of I'*. In a similar way as done with the slicing
conditions in subsection 3.2.4, we add a source term to account for the stationary value
of the advection term, and a damping term. The resulting generalized Gamma-driver
shift condition yields

QO Q
Br=pB"B" + \(A = BA") =B, (25D)

Br — 57“67"/ - Br/ér/ + i“Br +£BT (ﬁr — 57«) , (253)

The Gamma-driver shift can also be implemented in its integrated version [70], which
in spherical symmetry takes the form

fr= 5" = G657 F AN 4 (8 = B7) + & (f-z B @ | 20

The properties of the principal part of these equations are formally the same as for
their non-hyperboloidal equivalent, because the added source terms do not change the
principal part: versions (25) or (26) of the Gamma-driver together with the Einstein
equations and any hyperbolic slicing condition from subsection 3.2 form a strongly
hyperbolic system for regular data. The same analysis as in [71] applies here for the
quantities evaluated on a hyperboloidal slice (except at .#, where the equations are
singular). The gauge propagation speeds associated with the shift condition depend on
the values of the parameters A and . There will be no negative characteristic speeds
(no incoming modes) at . if the product Ap < (%KCMC)Q for the Gamma-driver

condition with auxiliary variable B" (25) and if A < & (rs Keae)® for the integrated
version (26). The reason for keeping the parameter p separated from the parameter
A in the Gamma-driver shift condition (25) is that even if the characteristic speeds
depend only on A u, different choices of A and p may still lead to a different numerical
behaviour. For simulations on spatially asymptotically flat slices, the standard choice
for the parameter A in the Gamma-driver shift condition is A = 3/4 (with = 1), which
implies physical characteristic speeds (i.e. coinciding with the speed of light). A detailed
study on parameter choices that provide strong hyperbolicity in non-hyperboloidal
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black hole simulations can be found in [71]. In our hyperboloidal approach, setting
A =3/4a%x in (26) gives exactly the physical characteristic speeds everywhere. Future
research, specially when considering a full three-dimensional system, may show that
choosing values for the gauge characteristic speeds different from the physical ones is a
more convenient option. There is much flexibility in the three-dimensional case, so that
better choices may be found, following e.g. [72]. However, at this stage of development
of the spherically symmetric case, the choice of physical characteristic speeds for the
gauge modes (at least asymptotically) seems like a reasonable option.

3.8.3. Doubly generalized harmonic shift: The standard generalized harmonic shift
condition [43, 73] is defined as the spatial part of the four-dimensional equation
g¥Te, = F°, where F° is usually chosen to be a function of the coordinates and evolution
variables, and such that it does not affect the principal part of the Einstein equations.
The time component gives the usual harmonic slicing condition (with dynamical part
like (13)), while in spherical symmetry the radial component gives an evolution equation
for the radial shift. The spatial three-dimensional A* (24) (as A") is introduced in the
shift condition to substitute the first spatial derivatives of the spatial metric components,
common practice [73] required in order to make the system strongly hyperbolic. We set
the source term to F" = fﬁT b’ — % — B"F*, so that it provides a source function L
(in a similar way as done Wlth the slicing condition) and a damping term (proportional
to —(3"/Q) to ensure that the value of 5" stays fixed at .#*, a behaviour similar to the
time-independent shift we used in [39]. Our doubly generalized harmonic shift condition
then takes the form:

: oY axd 202 r
BTZBT5T/+Q2XAT+ X _ X _ X+L0—£i/6r
2’77“7“ Yrr Yoo Q

This equation includes a term with r in its denominator that formally diverges at the

(27)

origin. In numerical tests we find that indeed this term results in an instability at the
center r = 0. Note also that this term would not have appeared if (27) had been derived
from g®A¢, = F° instead of g®T'¢, = F°. As this diverging term does not belong
to the principal part, we simply absorb it into Lo, and thus drop it in equation (27).
The final form of our adapted harmonic shift condition is obtained after substituting
Ly =ad — 57“67" + gﬁr o> Which ensures that flat hyperboloidal data are a stationary
solution of the equation:
2. /

or _ proarl 'rr r CYX_O[XO[ AA/ @_g

Note that this evolution equation provides physical characteristic speeds. Optionally,

a damping term of the form —1—7;(@" — "), like the one in the Gamma-driver condition,
can be added. This damping term has been useful preventing instabilities at the origin
for several configurations described in section 5.
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3.4. Matching

The numerical results we obtained using the integrated Gamma-driver with A # 3/4 oy,
the 1+log (14) or the cK (16) slicing conditions, with choices (15) and (17) respectively,
showed, at some point during the evolution, some fluctuations arising at #* that
propagated inwards. An appropriate choice of parameters and enough dissipation can
keep these incoming fluctuations under control, but the loss in parameter freedom
restricts the numerical experiments considerably.

The most plausible explanation for these fluctuations, as after treating this issue
they did not appear anymore, is that at some point at least one of the characteristic
speeds at £ T becomes negative and some information enters from outside of the domain.
This cannot happen to the physical speeds, but it may happen for the gauge speeds: the
speeds related to the shift and slicing conditions. The incoming physical characteristic
speed is proportional to the expression in the scri-fixing condition (6) (see figure 1) and
this ensures that no information will travel inwards across .# . Nevertheless, the fixed
values that are set as coefficients in some principal part terms of the gauge conditions,
like (15) and (17), and the mentioned ranges for A in (26), may produce an ingoing speed
that is no longer proportional to (6), so that non-vanishing incoming gauge speeds can
arise when the value of the metric variables at .#* differs from the stationary one. For

instance, if — ,/%BT

during the evolution, the speed of the slicing incoming mode at .#* does not vanish and

is different from /n.x = a|s+ (given by (17)) at some point
I+

uncontrolled information enters the domain.

Considering only physical gauge speeds at .# T, this problem is solved by making
the principal part of the slicing and shift conditions coincide exactly with those of
the harmonic slicing and shift conditions respectively at .#* at all times during the
evolution. However, we may want to have different characteristic speeds in the interior
of the domain, especially when dealing with strong fields near the origin. To achieve
this we can use a smooth transition between the required expressions at .#* and our
choices in the interior.

A possibility is to match using the following function that vanishes at .+

3Tj

fmatch - ( 0= (T} - T2> (29)

—Kcuce)
and construct the coefficient of the K or the A" term in the corresponding slicing or
shift condition respectively as:

&1 Neoef K = (Nere frnaten™ + @)K, (30a)
B Xeoef N = (M fmaten™ + a®x)AT, (30b)

where n.x, A, n, and ng- are free parameters. In this way, the gauge characteristic
speeds at future null infinity will always coincide with the physical speeds and no
incoming modes will appear.

The region of matching by superposition in (30) extends from r = 0 to r = 1. In
order to control the extension and location of the matching region, we have experimented
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Figure 1. Zero speed ¢y = —f" and lightspeeds cx = —f3" + «a, /,YL plotted for a

slice of flat spacetime with Koy = —1 and 1y = 1. At .7 we have ¢y, cqy > 0 and
c_ = 0. Examples of lapse and shift characteristic speeds with matching (29) in (30)
(nere = 2(=Keme 17 /3)%, na=3, A = 2 and ngr = 6) are also included: they coincide
with ¢4 at #T.

with a new matching that takes place between two given values of the compactified radial
coordinate r_ and ry, with r_,r, € [0,7,] and r_ < r,. We use a different function,
4

r2 _ 2 4
fmatch = |1- <;_2> 5 (31)

designed to have a smooth profile everywhere in the domain; assuming the natural
extensions from (32) (fiaten = 0 for r < r_ and faen = 1 for r > r,), this matching
function is C® at the joining points r_ and r,.. The matching joins Gj,; in the interior
part and G, in the exterior including £,

Gint if r<r_
G = Gmt<1 - fmatch) + Ge:r:tfmatch if r_ <r< Ty 9 (32)
Gont if r.<r

where G can be identified with the coefficients n.perr or Acoery in (30) or the complete
RHS of & or 87. In this way, for 7 < r_ we can have larger characteristic speeds, and
between r, and 7, the physical characteristic propagation speeds will ensure the correct
treatment of 7.
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4. Implementation of the preferred conformal gauge as hyperbolic gauge
conditions

We will now construct source terms for our generalized harmonic gauge discussed in
section 3, which will imply the preferred conformal gauge (3). The complete derivation
and preliminary testing of these gauge conditions is included in subsections 4.5.2 and
7.3.10 in [54] respectively.

The main motivation behind the design of these gauge conditions is to try and find
a more systematic way of expressing the source functions in the gauge conditions (see
section 3 for how the source functions were set in the adapted gauge conditions) and
also to enforce the preferred conformal gauge (3) at all times by means of the gauge
conditions, as suggested by [36]. We start with the following expression

Ac=F°  with A°=g®AS, and A, =T¢, —T¢, (33)
where on the physical 4-dimensional spacetime we set the contraction of the difference
between the connection fgb of the physical metric g,;, and that f; of a time-independent
physical background metric §ab equal to some source function F® — note that these are
all 4-dimensional quantities. This construction basically corresponds to the generalized
harmonic gauge condition (see subsections 3.2.1 and 3.3.3) on the physical spacetime,
but with the extra subtraction of background terms (especially convenient in spherical
symmetry and on a hyperboloidal background), which was inspired by the definition
of the 3-dimensional conformal spatial quantity A* (see Appendix A and [69]). The
background terms do not change the principal part of the system (the same as
for generalized harmonic with respect to the physical metric), because only non-
principal part terms including inverse metric components are introduced. An equivalent
construction can be performed in the conformal domain, that is, using the conformal
metric g, and the conformal connections T'¢, and T'¢, in (33). However, the obtained
numerical results were not satisfactory: stable evolutions were achieved, but at the price
of not satisfying the preferred conformal gauge. Thus, instead of including the details
here, we point the interested reader to subsections 4.5.1 and 7.3.9 in [54], where the
derivation and numerical experiments of the conformal version of (33) are described in
detail.

Using (1) and the corresponding transformation from physical to conformal
Christoffel symbols (see (2.4) in [54], for instance), the above condition is transformed
to conformal quantities:

. 92 Fe

Ao = =00 (490 = 475,57 + o0 with A° =g (T2, —T5) (39

where g, is the time-independent conformal background metric and T'¢, its associated
connection. The preferred conformal gauge (3) can be expressed as

a0 = gV, V,Q = §°°0,0,Q — §*T¢,0.9, (35)
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and substituting T'¢, above from the gauge conditions (34) yields

A 9.0040 .. [¢0,0
=0 _ Hab _ =abyc c2tYd —cd __ =abz Zcd) _ ¢
O = §70u062 — g0 + —4 (45" = 5" 55" 02
__=rr/! _abty’ (Q/)2 —rr —abz zrr FTQ/
=g =gy + —o (49" = "G ) — 0 (36)
The quantity | ,, # 0 by definition and in principle also Q| ,, # 0. The metric
component §g"" in our variables is g = % — %2, which vanishes at £ by virtue of

the scri-fixing condition, see (6). The background Christoffel symbol be is calculated

from flat spacetime data and it is such that at .& * the only nonzero component is

rrl =1 =1L Thus, g7, = ¢, will always vanish at .#*. The third
7+ r| g+ Ty

L. =0(@?) and gy,

a combination of conformally rescaled metrics, is expected to attain a finite value. The

term also becomes zero at null infinity, because ™| ,, = ¢""

only remaining term will also vanish at future null infinity if F T” . o< Q7 with ¢ > 2.

The actual evolved gauge conditions for the lapse and shift are obtained by isolating
& and BT from the time and radial components of (34) respectively and are presented in
Appendix B. The choice of source function F* compatible with the preferred conformal
gauge that provided a stable numerical behaviour in our experiments was F" =0 and
F' = £.Q(a — &), where &, is a parameter to be tuned experimentally.

The relation between lapse and shift at .#* for the previously derived gauge
conditions is given by (38). A vanishing &, would make the code time ¢ and the Bondi
time tp in (10) exactly equal, as (38) with &, = 0 reduces to (11). This means that
we would be able to have the Bondi time parameterization at .#* during the numerical
evolutions. Unfortunately, the choice &, = 0 is not yet possible in our implementation,
because it does not provide stable numerical simulations. Only a range of non-negative
values is allowed, as &, is introduced as the strength of a damping term that would
probably create an exponential growth if the wrong sign was used. The range &, € [2,4]
works fine for most configurations. The conclusion is that despite satisfying the preferred
conformal gauge (3), the time coordinate at #* in our simulations will not be affinely
parameterized at all times (but it can be easily rescaled using (10)).

If a match of type (30) is attempted with the gauge conditions derived here and
included in Appendix B, the exponents n, and ng- have to be equal to or larger than
3, or else the preferred conformal gauge will not hold at ..

When used together with our spherically symmetric reduction of the Zdc
formulation of the Einstein equations, the previously derived gauge conditions provide
an evolution that satisfies the preferred conformal gauge at .# 7, in the sense that the
scheme converges when increasing the numerical resolution. However, evolving the same
gauge conditions with our implementation of the generalised BSSN formulation does not
satisfy (3) yet. We are currently working towards obtaining a stable evolution of BSSN
together with the preferred conformal gauge.
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5. Gauge condition results

The gauge conditions described in the sections 3 and 4 provide many possible
combinations: slicing and shift conditions that can optionally be matched to others
in the region close to .# " with a variety of matching functions. Among the parameters
to set we have: the strength of the damping in the slicing and the shift conditions; the
coupling in the gauge characteristic speeds for 1+log, cK and Gamma-driver conditions;
the location of the possible matchings. It is beyond the scope of this work to describe
all stable configurations with our current spherically symmetric implementation of the
Einstein equations (see Appendix A for details), for the whole system is interrelated
and changing one parameter can affect the values of many others. We will provide a few
examples of gauge choices that appear convenient for simulations of regular data and
briefly comment on their observed behaviour.

Our implementation uses the Method of Lines, with 4th order finite differences
for the spatial discretization and a 4th order Runge-Kutta for the time integration.
The simulations described here were performed with a staggered grid (right diagram
in figure 4), 200 spatial gridpoints and a time step of dt = 0.0005, which provides
a Courant number of 0.1 (we can evolve the staggered grid with a Courant number
of 0.2, but the simulations with a point on .#* presented in section 6 require 0.1 for
stability). One point off-centered stencils were implemented in the derivatives in the
advection terms, as is common practice in numerical relativity simulations [74]. Kreiss-
Oliger dissipation terms [75] as used in [76] are added to the RHSs, with a strength
parameter of 0.25 for these simulations. We evolved our Z4c system (dropping the non-
principal part terms labelled with Czy4.), with parameters k; = 1.5 and k3 = 0. The

dynamics in the simulations was introduced by a Gaussian-like scalar field of the form
(2_e?)?

Dy = 0o/ = A/Qe - (like the one presented in figures 5 and 6 in [39]) that
perturbed flat initial data, with parameter choices A = 0.058, ¢ = 0.1 and ¢ = 0.25,
and with the constant trace of the physical extrinsic curvature in the initial data set to
Keye = —3. The coordinate location of future null infinity is set to 7, = 1.

The gauge conditions that satisfy the preferred conformal gauge (B.2) provide stable
results with the parameter choice £, = 2. Both the physical (20) and conformal (22)
slicing conditions give good results with & = 2 and & = 0 or with & = 0 and & = 2.
Choosing &1 = 1 and & = 0 together with a fixed shift does not provide enough damping
to suppress the small fluctuations that appear in the variable A" right next to #* (in a
staggered grid the outermost gridpoint is half a spatial step away from £ see figure 4)
and propagate inwards while growing in amplitude. Nevertheless, £ = 1 is enough for
long-term stability when both the harmonic lapse and shift are used near .# 7.

Even in regular spacetimes, instabilities at the origin (in the form of high frequency
fluctuations that grow very fast) have appeared for the hyperbolic shift conditions where
the coefficient in front of A" is proportional to a?y, that is, for the harmonic shift and
the integrated Gamma-driver with A\ = 3/4 a®y. These instabilities can be effectively
suppressed by using a superposition of the form (30b) with A = 0.1 and ngr = 2. As a
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Gamma-driver-type shift condition with constant coefficient X is a better choice for the
interior part where r = 0 or where a black hole would be located, we have not performed
an in-depth study of this instability. More interesting is the performance of the same
shift conditions (harmonic shift and integrated Gamma-driver with A = 3/4a?%y) at
T the first one is stable at long term and presents smooth features at future null
infinity, while the second one requires a damping of at least £z = 2 (a non-zero value
of 1 is not enough) to suppress ingoing fluctuations in A" like those described in the
previous paragraph. Even if the shift characteristic speeds are the same for the two
shift conditions considered, the difference in behaviour can be due to their different
characteristic fields or their different coupling to A".

The matching of the form (30) can be applied at the level of the coefficient in front of
K or A7, but also to the whole gauge condition, as G = Gt f1 1on + Gext (using the same
notation as in (32)). Implementing the latter for the cK condition and the integrated
Gamma-driver as G;,; with n = 3 and the preferred conformal gauge conditions (B.2)
as Gz provided a stable evolution for the regular spacetime case considered. However,
the relaxation to the final stationary state corresponding to flat spacetime was slower
(tretaz ~ 30) than when using only the unmatched Gy (trerar ~ 6), for instance. The
other matching considered (32) works quite nicely if r_ < 0.4, although the relaxation to
the final state is also quite slow (t,eq ~ 30). If 7 > 0.4, the evolution variables do not
move towards their final state monotonically, but oscillate around it (this is especially
visible in A") either with decreasing amplitude, so that the final state is reached in the
end, or with an increasing one, which renders the simulation unstable.

5.1. Deformation of the scalar field signals at F+

The simulations whose data are presented in figures 2 and 3 used a staggered grid, which
means that the curves shown correspond to data extrapolated to .# T for half a spatial
step. The basic parameters were given at the beginning of this section, while the specific
gauge parameters for each simulation will be indicated in the following paragraph. As
mentioned above, the simulations included here are only examples of the vast range of
possible configurations.

Figure 2 shows the signal of the rescaled scalar field ® = @ /§ at future null infinity
as raw output from the code. The exception is the black solid line: it corresponds to the
signal rescaled by ), the conformal factor that satisfies the preferred conformal gauge,
and is plotted against the Bondi time coordinate. The following 3 signals listed in the
legend were produced in simulations with fixed (time-independent) shift and i) harmonic
lapse, ii) cK condition with m.x = 1, and iii) cK condition with m.x = 1 superposed
as in (30a) (with n, = 2) on the harmonic condition. The 5th listed signal corresponds
to a simulation with 14+log (n111, = 1) and integrated Gamma-driver (A = 3/4 and
£sr = 2, so that the shift is forced to remain fixed at .#*, see right plot in figure 3),
without any matching. The 6th curve was obtained from a simulation with harmonic
lapse and shift, with only a small superposition (30b) (with ng = 2 and A = 0.1) to
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Figure 2. Signals of the rescaled scalar field ® at .#% for different combinations of
gauge conditions. See the main text for details on each of the gauge choices.
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Figure 3. Behaviour of w| ,,, Aa| ,, and AB"| . as functions of time, for the same
simulations presented in figure 2 and following the same legend code.

keep the shift condition stable at the origin without adding extra damping. The final
two signals correspond to simulations where the preferred conformal gauge is satisfied at
# . Both include a matching of the form (31) in (32) with the cK condition (n.x = 0.4)
and the integrated Gamma-driver (A = 1): in the first one the matching is performed
practically at the origin (r— = 0 and r, = 0.05, this is why it is labelled simply as
preferred conformal gauge), while the second one uses r— = 0.4 and r, = 0.9. For

these two simulations Q| ,, = Q)j+ holds (see how w| ,. =1 at all times on the left in



Spherically symmetric unconstrained hyperboloidal evolution II: gauge conditions — 22

figure 3) and thus the amplitude of the scalar field signal is the same as for the black
solid line.

Other relevant quantities are plotted at .#* in figure 3: the auxiliary conformal
factor w = Q/Q and the variations of the lapse and shift, Aa = a—a& and A" = ﬁr—ﬁ’“.
The values of w| . differ from unity for the first five simulations, where the preferred
conformal gauge does not hold. The lapse and shift stay fixed at .#* in the first four
simulations (the lapse is “damped” in all of them, while the shift is fixed in the first
three ones and “damped” in the fourth one), and so ensure that no incoming modes
appear at . 1. They are however allowed to move in the simulations with harmonic-like
behaviour at .#*: harmonic lapse and shift, and the two conditions (the one matched
near the origin and the one matched in the middle of the domain) that satisfy the
preferred conformal gauge. Snapshots at constant time of «(r) and AS"(r) for similar
gauge conditions are presented in figure 8.9 in [54].

It is evident from figure 2 that an evolved shift plays a very important role: its
effect in controlling the behaviour of A" causes less distortion in the spacetime and the
evolved quantities reach their final states earlier. The left plot in figure 3 also shows that
w| ,+’s deviation from unity is much smaller than in the cases with time-independent
shift. Of the two cases that satisfy the preferred conformal gauge at .#*, the one that
is matched to a larger interior region with cK slicing condition and Gamma-driver (last
listed case in legend) shows smaller deviations in lapse and shift at #* and a scalar
field signal at #* closer to the black solid line. It is possible that larger characteristic
speeds in the interior or stronger couplings with the K and A" variables decrease the
spacetime distortion caused by the perturbation more effectively. The signal from the
simulation with unmatched 1+4log and integrated Gamma-driver, not one of the best
options due to its potential non-vanishing incoming modes, is surprisingly very close to
the undistorted signal measured with the Bondi time coordinate - at least around the
minimum in the signal, which corresponds to the part of the scalar field perturbation
that was reflected at the origin (see figure 5 in [39]). This is a combination of the
“damped” lapse and shift at .# " and the fact that the auxiliary conformal factor w at
Z T is practically one again when the reflected signal leaves the domain through .#+
(the similarity with the undistorted “Bondi” signal is probably not as high in the first
peak). This behaviour is not completely by chance, as the same gauge conditions with
slightly different parameter choices give a similar result. However, changing the initial
perturbation may provide different results.

6. Simulations with a non-staggered grid: point on "

Here we will describe the implementation of the relevant technical improvement that
allows us to include #* on a gridpoint in our numerical domain.
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6.1. Staggered vs. non-staggered grid

The Einstein equations expressed in terms of the conformally rescaled metric g, and
reduced to spherical symmetry formally diverge at two points of the compactified radial
coordinate. The first one is the coordinate origin » = 0, that is just a coordinate
singularity for regular data but in presence of a black hole corresponds to a compactified
asymptotically flat end for wormhole data (expressed as a puncture [77]) or to the
infinitely far end of a trumpet [24] for trumpet data. The other diverging point is the
location of future null infinity r = ry, where the conformal factor €2 vanishes.

The results presented in [39, 61, 78, 54] were obtained using a staggered grid in
our numerical implementation. In a staggered grid, the gridpoints where the variables
and equations are evaluated during evolution do not coincide with any of the locations
where the equations diverge (r = 0 and r = 1), as illustrated on the right diagram in
figure 4. This simplifies the implementation considerably, because no special treatment
of the RHSs on the divergent points is required. However, the value of the quantities
at 7 is only obtained by extrapolation (for less than a spatial step, half a step in our
case).

---—e ° '3 0 ---—0———e s

Figure 4. Non-staggered grid on the left and staggered one on the right, at the
location of #* in the domain. The values of the variables on the black-filled points
are evolved using the equations of motion and the empty circles denote ghost points,
which are required to calculate the derivatives at the boundaries and are filled using the
boundary conditions. The gray-filled points represent the location of the grid where
the equations are formally singular and a special treatment is required. The dashed
lines on the left indicate a 4th order centered stencil, while those on the right represent
a 4th order one-point off-centered upwind stencil.

The non-staggered grid in our setup includes the radial locations » = 0 and r = 7+ as
actual gridpoints (see diagram on the left of figure 4) and allows us to directly calculate
our quantities at .# T, but its implementation is considerably more difficult: the formally
diverging RHSs of the spherically symmetric evolution equations (in Appendix C of [39]
and in Chapter 2 of [54]) have to be transformed so that a finite numerical value is
obtained at the diverging points. The treatment of » = 0 is an important issue: a non-
staggered grid at the origin can be suitable for the evolution of regular spacetimes (using
the parity behaviour of the evolution variables to determine their values at r = 0f), but
a staggered origin is a better choice for evolving a black hole. For instance, in the moving
puncture approach [79, 80] the location of the puncture that represents each of the black

1 Odd variables will necessarily vanish there, while even ones have a vanishing first derivative at r = 0,
which can be used to calculate their value there. More details are included in subsection 6.3.2 in [54].
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holes must never coincide with any of the gridpoints. Therefore, when including a black
hole in the evolved spacetime [45], we will use a mixed grid, where the origin r = 0 is
staggered and £ is located on an actual gridpoint.

6.2. Implementation of the equations for the non-staggered grid at &+

The modification of our spherically symmetric reduction of the equations of motion for
their evaluation at .# " is performed in two steps. First, note that the terms divided by
Q (and Q?) that appear in the RHSs are expected to cancel and provide finite RHSs that
attain a finite value at » = r, - Friedrich showed that the Einstein equations expressed
as the Conformal Field Equations attain a regular limit at #* [6, 8] for the type of
regular initial data we are interested in. This means that for these kind of solutions the
sum of the numerators of the diverging terms in our equations (in Appendix C of [39]
and (2.82) in Chapter 2 of [54]) must necessarily vanish at .#* at the appropriate order.
These relations (numerators = 0) is what we call the regularity conditions at .# ", which
for our formulation and reduction of the Einstein equations are given by (37), and they
will be used to calculate the regular limit of the RHSs at ..

6.2.1. Impose the reqularity conditions on the wvariables at #+: The regularity
conditions for the conformally rescaled Einstein equations that we use in our code

1/2 ig eliminated

(included in Chapter 2 of [54] - note that the metric coefficient vp9 = ;..
in the equations implemented in our code) assuming that the preferred conformal gauge

holds at future null infinity are the following:

Xlge = Y0l g+ = %;1/2‘j+ ; (37a)
AK’% = <_KCMC - 36TQ/> L (37Db)
al . = —f" 7;" ~ (comes from gy, = 0), (37c)
el,. =o (37d)

as well as two much lengthier expressions for A,,|,, and A"| ., obtained by solving
for these quantities the numerators of the Q! terms in A, and A”. The equation of
motion of the massless scalar field does not introduce any extra regularity conditions.

The regularity condition that arises from the divergent terms in the gauge conditions
that satisfy the preferred conformal gauge (described in section 2) is

8 B [ 3a? (KCMC ry o o? )
g+ e}

6 2q (38)

Substituting the value of 7| ,, according to (38) into (10), using also | ,; = Kone™s
and &, = 0 yields that the code time ¢ at future infinity equals the Bondi time ¢g.

Kemve 1

Unfortunately, at the current state our simulations are not stable with a vanishing &,.
We implemented the regularity conditions in the code in the following way: as there
is only one degree of freedom available at .#* for our spherically symmetric reduction
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of the Einstein equations (8 evolution variables - x, Y, @, 87, Ay, AK, A" and © - and
only 7 regularity conditions), we choose to identify it with the free value of 7,,. Using
relations (37) and (38), we express all regularity conditions in terms of 7,, (this may
not be a requirement for stability) and the derivatives of the other variables. Note that
the regularity conditions for lapse and shift as expressed above are circular: in order to
obtain the expressions to impose in the code we substitute x in (37c) in terms of ~,,
as in (37a), and then solve (37c) and (38) for a|,, and 87| ,,. The correct result for

&o # 0 is given by

- «
Bl v = _W ; (39a)
| g+
_&a e \? s
&‘ . _KCMC Ty . SQ/ n \/( 3 KCMC Ty Kceyve 'ry) 737{4 (39b)
7 6 Salcme 1y 24
g+
while for &, = 0 we obtain the simple relations
T KC'MC' Ty KCMC Ty
Blov = —=m— and o, = ————57— (40)
rr g+ Yrr g+

The final expressions are used to impose the values of the evolution variables at the
gridpoint corresponding to # T (except for ~,,, which is determined by its equation of
motion) after each time step.

6.2.2. Apply U’Hopital rule to the divergent RHSs at #*: Due to their considerable
length, we are not including the equations of motion that are implemented numerically
at #* in our code, but we describe how to calculate them. The following equation is
taken as an example: variable X’s RHS has a regular part at #*, denoted by A (it
depends on other evolution variables and on ), as well as two formally singular terms
at Z* (those divided by a power of Q):

. B C
X=A+ a-q (with regularity condition B|,, = C| ). (41)
The I’'Hopital rule is applied on the diverging terms as
_ _ / _ /
lim B-C_0 = lim (B—C) = (B—C) , (42)
5 () 0 rous 94 Q o

where the last expression is regular at future null infinity. This limit is substituted in

the RHS to be evaluated at .# 7T as
B—-CY
H] (43)

. B C
X, =t (5 g) o ||,

This procedure is followed for each of the diverging RHSs. In the presence of terms that

- X’f+ = Al + l

g+

diverge as Q=2 the 'Hopital rule is applied twice:

E F P
)ﬁ}ﬂ 0= E|,. + (Q)

g+
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. E P
v, = D‘f++<Q+ Q )

D+ l<E+ F’/Q’)/]

— (E4+F'/Q)| .+ =0,

S+

(44)

‘j+ Q

The regularity conditions (37) (as well as those for A,,|,, and A"| ;) and (38) are
substituted into the “I’'Hopitalized” RHSs at the analytical level.

g+

6.3. Results and comparison to staggered grid

Comparison of the performance of the staggered and non-staggered grids at .# is shown
in figure 5 as a convergence test. The corresponding simulations used the same initial
data as described in section 5. The Z4c formulation as well as the gauge conditions
satisfying the preferred conformal gauge (section 4 and Appendix B) were used. The
curves correspond to the differences between the signals at . in simulations with 1600
(low resolution), 2400 (medium) and 3600 (high) points. The non-staggered data (in
blue/gray) has been shifted 0.75 forward in time to be able to compare both sets of data
in a clearer way. The expected 4th order convergence is very good in both cases, even
if it looks slightly better in the non-staggered one.

Convergence of the rescaled scalar function at "

1.x107%F .

| )
T

—-1.x107%¢ — Stag:(low—med)/1.5% i

i - Stag: med—high 1
— Nostag:(low—med)/l.54
A ---- Nostag: med—high ]
-2.x107%t .

—4

Differences ®, conv.order

—3.><109-,,,,.,........N....‘

Figure 5. 4th order convergence of the rescaled scalar field ® /Q at # comparing
the results with a staggered (extrapolated half a spatial step) and a non-staggered
(evaluated on £ 1) grids.
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7. Conclusions

In [39] we presented our first approach to the hyperboloidal initial value problem in
spherical symmetry, describing a very basic setup in terms of gauge conditions: harmonic
slicing and fixed shift. The preferred conformal gauge was not satisfied, which made an
affine reparameterization of the time coordinate at . more cumbersome, and future
null infinity was not included in the numerical grid.

As part of the development of a robust framework to solve the hyperboloidal initial
value problem, here we have successfully implemented the preferred conformal gauge
in the form of hyperbolic gauge conditions (B.1) that enforce (3), without altering
our time-independent conformal factor 2 (5) and the simplifications that the latter
adds to our setup. These gauge conditions were also designed to systematically include
appropriate source functions, required for the hyperboloidal evolution due to its non-
trivial background. In our current implementation the time coordinate at .#* is related
(10) in a non-trivial way to the Bondi time. The condition (11) that makes them
equal is satisfied with the parameter choice &, = 0, but this is not yet achievable in
our simulations for stability reasons. Thus, for the moment our code does not directly
provide an affine time coordinate at .#* at all times. However, the preferred conformal
gauge makes the “a posteriori” calculation of the Bondi time much easier, as compared
to the simpler setup in [39].

The study of the different slicing and shift conditions presented in this paper has
increased our understanding of how to adapt current common options of hyperbolic
gauge conditions (like the Bona-Masso family or the Gamma-driver) to the free evolution
of the hyperboloidal initial value problem. The main ingredients are still those presented
in [39]: the addition of damping terms and source functions. Rather than in the region
near . ", the tested slicing and shift conditions show the most representative differences
in behaviour in the interior part of the domain, towards the origin. This effect will be
more relevant in the treatment of spacetimes that include a black hole or very large
perturbations of regular spacetimes, and will be described in [45]. Our current setup,
where we choose not to have incoming gauge modes at future null infinity, requires
physical characteristic speeds at .#*, so that the matching (using (30) or (32)) of at
least some coefficients in the gauge conditions is necessary. Where in the integration
domain and how this matching is performed is still an open question. At the current
stage it is difficult to determine which gauge conditions are preferable, as a change in
some of the input parameters, the type of initial data (regular or including a black hole)
or the used formulation of the Einstein equations can have an important impact on the
performance of different slicing and shift conditions. To exemplify the influence that
gauge conditions have on the signals extracted at future null infinity, we compared the
values of the rescaled scalar field at .#* for several combinations of slicing and shift
conditions and included the undistorted signal expressed in terms of the Bondi time in
figure 2. These examples served to illustrate and understand the differences in behaviour
of the presented gauge choices: the main conclusions are that both an evolved shift, as
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opposed to a fixed time-independent shift, and larger characteristic speeds in the inner
part of the domain (towards the origin) cause considerably less distortion at #+. We
hope that the different lapse and shift equations compiled here will start to conform a
testbed of hyperbolic gauge conditions to study the hyperboloidal problem, and that
the insights gained will be useful to future attempts at solving the problem in 3 spatial
dimensions.

We have also added a relevant technical improvement to our implementation: the
inclusion of a point on £ in the integration domain. This has greatly benefited from
the cancellations introduced by the preferred conformal gauge (3), although a gridpoint
on £ should also be feasible without this choice. The point on .#* represents a step
forward in both our understanding of the behaviour of our formulation of the Einstein
equations at future null infinity and the degrees of freedom available there: only one of
the evolution variables can be freely specified at #*. Evaluating the equations on .+
requires the adaptation of the divergent terms in the RHSs of the equations of motion
as described in subsection 6.2.2, but extrapolation is no longer needed to evaluate the
evolved quantities at future null infinity. We have obtained consistent confirmation (see
figure 5) that our previous results with a staggered grid were already very good, although
the non-staggered grid performs even better. Having a gridpoint on #* will allow us
to experiment with different boundary conditions for super-luminal gauge speeds and
even to implement a reflecting-like boundary to perform simulations in asymptotically
Anti-deSitter spacetimes.
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Appendix A. Conformally compactified equations, notation and variables

In our simulations we use either the Generalized BSSN formulation [21, 22, 82] or a
similar conformal version of the Z4 formulation [23, 83, 84], the Z4c equations [85, 86],
in their spherically symmetric reduction. The derivation of the equations for the
conformally rescaled metric is described in [39] and in Chapter 2 of [54] and the actual
equations used in the simulations can be found in Appendix C of [39] and again in
Chapter 2 of [54]. Our notation for the metrics is the same one as used in [39]: the
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4-dimensional physical metric is denoted as g, the 4d-conformal metric as g, the 3-

dimensional conformal metric (induced by g) as 7, the 3d twice conformal metric as

and the 3d twice conformal background metric as 4. The massless scalar field ® satisfies

the wave equation in the physical spacetime, and with respect to the conformally rescaled

metric it satisfies

V.0
a ~

The dynamical variables are the conformally rescaled spatial metric v, = XYab,

g"'v,V,d —2g"'V,d 0. (A1)

where 7, is the spatial metric induced from g,, and the spatial conformal factor y.
From the decomposition of the conformal extrinsic curvature tensor K, we evolve its
conformal trace-free part A = YKqu — %fyabf( (with K = Ku7% = Kuy®) and its
physical trace, mixed with the physical Z4 variable ©, K = QK — @ —20. The
actual evolution variable in the code is a variation with respect to its initial value
AK = K — f(o = K- Kcne (this last parameter corresponds to the value chosen for K
on the initial hyperboloidal constant-mean-curvature (CMC) slice and in our notation
it will be a negative value). The Z4 quantity O is evolved as well. The evolution of the
Z4 variable Z, is included into that of the vector A% = ~* ( be — f‘gc> + 2727, where

¢ are the Christoffel symbols calculated from 7, and T'%, the ones built from a time-
independent background metric 4,,. The evolved gauge variables are the conformal lapse
a, the shift " and, if required, its auxiliary variable B®. The scalar field is expressed
as @ = ®/Q, together with its auxiliary variable IT = I1/Q = (9,®) /9, mainly because
these quantities do not vanish at #* and so are more convenient for visualization
purposes.
Our spherically symmetric ansatz for the line element is

ds* = — (0 = X "9 B?) dt? + X1 [29 B dt dr + vy dr + g 17 do?) (A.2)

The freedom introduced by the spatial conformal factor y is fixed by eliminating

_ A—1)2
Yoo = Yy
trace-freeness condition of Ay, and substituting (A.2), the only remaining independent

in the equations implemented in the code. After explicitly imposing the

component of Ay, is A,.. The only non-vanishing component of the quantities A%, 5%,
B® and Z, is the radial one, denoted respectively by A", 8", B" and Z,. Primes denote
derivatives with respect to the compactified radial coordinate r and dots denote time
derivatives.
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Appendix B. Gauge conditions for the preferred conformal gauge

The decomposition of (33) into lapse and shift evolution equations is
aB g n 3af"x' N 4a8"QY  2a87d L avee  3ax o’F?
Vo0 2x Q a Vo0 2x 02
2% 319087 PxapBX | aPxBr’ | 20%x%BT BT ad/pr
T A2 TA292 T T g o T
@ X0 A X700 X0 a°TX V00 Q
~ N N A , ~ N R ~ R A N
. 208" . QBXBT’YT‘TQ, O‘?’X’Yrrﬁr . QBXﬁr’Yer/ O‘3XBT'77"7°/ O‘ﬂr25r%"r9,

r @2329’77“1” @2>AC’YM‘ 2642)2271“7” 2642)2%“7‘ OAZQ)A(Q
~ A TN N A2 A~
. O‘6T277“TBT + aﬁrzﬁr%“rxl . O‘BT2BT7TT/ 2a3"B" 'VTTQ/ + 2a6T6T7TTBT

a2y 26232 262y a2xQ a2y
S 2 53 o 22 s 53 . 53 o
_ af" BT VX aB" BT Yy + af" ) _ aB" v + aB" X _ af’ Yy
a2y? azy aZx0 azy 20232 262
rol .
_afyy, X 04%7”’ (B.1a)
277"7" 2’77’7’
2 rr r2 . T r2 1 / r2. 1 2./
. o F 2 a 3 « axo 3 o
/87“:_ 5 + /8 +B + /BX_/B _ X +2IBTIBTI_ /8 X+ X
Q T «Q 2x «Q Yrr 2x 29y

N . 4 3 L2
R Ve A i X L e O A e A 1)
Q Q Qazy Qazy Qa2y Q Qo
~ 2 ~ 2 ~ 2 ~
a®xB Y 302X 202X e 20°x7eY BT L
QdQX’Yrr Q%ﬂr Qd2>2'799 QV;T'VGO Q a ’Y;‘r
A3 Ay A2 Ay N N A4
BT ’Yrrﬁr 2p"B" P)/T'T‘/BT /BTQBT'YMBT 042)(57“’)/747«57’ Br VTTX/
6425( B dQ)A( + &22 B d2f(')’ 2422
rr X
~3 A2 “ A2 A2 . R
L BB X BB X BT BTR e BT X X e
a2x? 2622 2x 2x 262X %,y 2XVrr  XVrree

a2 ~ 4 ~3 . A2 R A2 a2
O[2XBT ’VQGX/ + /Br ’Yrr, . Brpr ’77“7’/ + ﬂTQ/BT‘ 'Yrr, /BTQ’YTTI . Br 77“7’/ 052X/Br ’Yrr/

a= p"a —af"” —

+

_ g+

+

A~

OA‘2>A(270¢9 2642)2 &QX 2&22 271:7” 2’)/;“7“ 2d2>277‘r
A 5.2 . N 2
2xv’ o BT Ve N ?xV96’ B Ve N XYy

LB XV 207X
2%rr Yrr de(V@G ’77:7”790 2%y 27721« Yoo Yrr Y06 TYrr

B B 2042Ax5:“27é9 N 204%)(7?90' (B.1b)
2%y Yoo 6200 TVrr Y00
The values of the background metric components &, 57“, X; Yrr and g are given by
(21). In the following simplified version of the previous equations, v,, and 7y are set
to unity, the evolution equation ¢ is substituted in B and A" (determined by setting
the Z, constraint, (C.2¢) in [39], to zero) is used to eliminate the remaining ~.,. and 7y,
terms in 3" to make the system hyperbolic:

aB g n 3af" Y N 4ap"Q  2ap"d . aYp  3ax a3 Ft

a= Ba —ap"’ —

Vo0 2x Q a Y90 2y 02
20°x87Q  a3xBTX | 203xB7 N QBB aprfr BBy 2087AT QY
X9  2X%v0  G2TXV00 a2y a%x 26232 a2y

n 205TBTBT/ 7 OzﬁTBTQfCI 043"39' B aBTQBTI aﬁ%g)%’ afrY N ad! B 208"

a2y a2x2 a2xQ a2y 26232 Q & r
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~ ~ ! I .
_ B PXBT @XPTR aBT | i
642)2977"7" 652)277‘7" 2642)2277“7" 2%rr 2% ’

(B.2a)

2 1or 2 Qr 1t ! 2.1 52 ey r Ar0y/ ~2.~0)/
. a*F a’fTF 9 axo , oot 28 Q) 387prQY afxQl
pr= - — +a’ANx ———+8"8" + + — —
02 02 Vrr 29 Q Q Q
4 A3 A 2 N A2
N 6T2Q, IBT Q S,BTBT Q 36T2/BT Q /Br3ﬂrQl N 3OZ2XQ, N CVQXﬁT Q/
QO QaZy | Qay  Qa%y Qa2y Qyrr Qa2 ,r
A A2 N A2 o
Q2B BTy 202xY 202 ATTY 202687 prTE N 38"BTE L avd
— PIN — IN — 5 — = = axoa
Q&2Xpr Q’Yee Qé&%xy90 Qa2 X0 &
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a?x asx asx asx QZXVrr Q=X Yrr
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54 53 52, s 5 2 5
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262%2 1 2422 24232 262x%  r@®xvee  TA2XV0 '

In the code we set the free specifiable source functions to F” = 0 and F* = £,Q(a — &).
The equation of motion for x (g is eliminated in terms of +,,., which makes the 7,,
and g terms cancel) is to be substituted above.

Appendix C. Previous slicing conditions

Slicing condition (20) makes it easy to implement the harmonic, 1+log and cK conditions
(or a matching between them), by providing source functions and damping terms that
are valid for any of them. Here we present some of the previous equations of motion
for the lapse that were used in our implementation before the simple equation (20) was
found. In general, { = 1,2 is a good choice for the {harm, {14109 and ek parameters.

Appendiz C.1. Defined in the physical domain:

The harmonic slicing takes the following form:

QQAK gha’rm — Keone ~2 2 dBTQI OéﬁrQ/
Q + 0 <a - a ) + 0 B 0 :
The AK term in the 1+log condition that follows has been divided by Q in order

to prevent the lapse gauge speeds from vanishing at .#* (this is an effect of the

a=pg"a — fra —

(C.1)

transformation from the physical to the conformal domain):

) Ak A ATQ/ rQ/
& = BTO{, . /BT@, o nl—i—lo?)a + gl-i—log;;d—&-log (C/\Y B O./) i (O(ﬂQ B OéﬂQ > ‘ (02)
In the cK case, it is by Q2 that the AK terms needs to be divided:
oA Aral nek AK | Cc . _ apreY _apy
a=p"a —pra —q +Q(0z a)+< a a | (C.3)
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Appendiz C.2. Defined in the conformal domain:

The difference with the previous set of equations is that the last damping term has a
different coefficient (3 instead of 1). The harmonic gauge is implemented as:

2 2 ~Aaroy/ ()
g s @CAK “2 9 3ap7Y 3af")
a=pf"a —pra’ — —i—&,,Mm(a —a)+< — — :

Again, the damping is controlled by the parameter &,q,,. In the 14+log condition that

(C.4)

follows, the equivalent damping term formally diverges at .#*:
2% 2 )/ rQOy/
q= 8o — BT@/ _ ”1+lo?ZCYAK i §1+lo§gCMC (G — @) + Nitiog <3ﬁQQ _ 3599 ) (C.5)
The same is valid for the cK condition, whose difference with the 1+log one is the
coefficient in front of AK:
nex AK n {ex Kome
Q 32

qa=pfa — fra —

(C.6)

367 387QY
af af) )’

(éz—oz)—i—ncK(
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