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CrossMark
Abstract
Gravitational waves are one of the most important diagnostic tools in the
analysis of strong-gravity dynamics and have been turned into an observational
channel with LIGO’s detection of GW150914. Aside from their importance in
astrophysics, black holes and compact matter distributions have also assumed a
central role in many other branches of physics. These applications often involve
spacetimes with D > 4 dimensions where the calculation of gravitational waves
is more involved than in the four dimensional case, but has now become possible
thanks to substantial progress in the theoretical study of general relativity in
D > 4. Here, we develop a numerical implementation of the formalism by
Godazgar and Reall [1]—based on projections of the Weyl tensor analogous to
the Newman—Penrose scalars—that allows for the calculation of gravitational
waves in higher dimensional spacetimes with rotational symmetry. We apply
and test this method in black-hole head-on collisions from rest in D =6
spacetime dimensions and find that a fraction (8.19 £ 0.05) x 10~* of the
Arnowitt—Deser—Misner mass is radiated away from the system, in excellent
agreement with literature results based on the Kodama-Ishibashi perturbation
technique. The method presented here complements the perturbative approach
by automatically including contributions from all multipoles rather than
computing the energy content of individual multipoles.

Original content from this work may be used under the terms of the Creative
Commons Attribution 3.0 licence. Any further distribution of this work must maintain
attribution to the author(s) and the title of the work, journal citation and DOI.
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1. Introduction

Gravitational waves (GWs) entered the limelight with the recent detection of GW 150914
[2]—soon followed by a second detection GW 151226 [3]—which not only constitutes the
first observation of a black-hole (BH) binary system, but also marks a true milestone in gravi-
tational physics. This breakthrough has opened a qualitatively new path for measuring BH
parameters [4, 5], testing Einstein’s theory of general relativity [6] and probing extreme astro-
physical objects and their formation history [7], and substantially broadens the scope of multi-
messenger astronomy [8]. GW modelling, however, finds important applications beyond the
revolutionary field of GW astronomy. Many fundamental questions in general relativity in
D =4 and D > 4 spacetime dimensions concern the stability of strong-gravity sources (see
[9-16] and references therein) in the context of cosmic censorship violation, the solutions’
significance as physical objects or expanding our understanding of the strong-field regime of
general relativity. For instance, GW extraction from numerical simulations of rapidly spinning
Myers—Perry BHs demonstrates how excess angular momentum is shed in order to allow the
BH to settle down into a more slowly rotating configuration [13]. GW emission also repre-
sents a channel for mass-energy loss in ultra-relativistic collisions that are studied in the con-
text of the so-called TeV gravity scenarios that may explain the hierarchy problem in physics;
for reviews see e.g. [17-19].

The calculation of GW signals in the theoretical modelling of D = 4 dimensional sources
in the framework of general relativity has been increasingly well understood following semi-
nal work by Pirani, Bondi, Sachs and others in the 1950s and 1960s; see e.g. [20-26] and [27]
for a review. Applications are now routinely found in numerical and (semi-)analytic calcul-
ations [28-37] even though care needs to be taken when applied to numerical simulations on
finite domains [38].

The numerical study of solutions to Einstein’s equations has proven incredibly useful for
understanding the behaviour of black holes and other compact objects. Most recently, the
application of numerical relativity in the generation of gravitational waveform templates for
GW data analysis [37, 39-44] contributed to the above mentioned detection of GW150914.

The wave extraction techniques presently used in numerical simulations of astrophysical
GW sources can be classified as follows: perturbative methods based on the formalism devel-
oped by Regge, Wheeler, Zerilli and Moncrief [9, 10, 45]; application of the quadrupole form-
ula [46] in matter simulations [47, 48]; a method using the Landau-Lifshitz pseudo-tensor
[49, 50] ; Cauchy characteristic extraction [51-53]; and, probably the most popular technique,
using the Weyl scalars from the Newman—Penrose formalism [24, 54-60]. A comparison of
various of these techniques is given in [36] and an extended review in [61].

The calculation of GWs in higher dimensional relativity requires generalisation of these
techniques to D > 4. The extraction of the GW energy flux from the Landau-Lifshitz pseudo-
tensor has been generalised straightforwardly to higher dimensions in [62, 63]. An extension
of the Regge—Wheeler—Zerilli-Moncrief formalism for perturbations of spherically symmet-
ric background spacetimes is available in the form of the Kodama and Ishibashi (KI) formal-
ism [64, 65] and forms the basis of the wave extraction techniques developed in [66, 67]. The
main assumption there is that far away from the strong-field regime, the spacetime is perturba-
tively close to the Tangherlini [68] spacetime. The deviations from this background facilitate
the construction of master functions according to the KI formalism which in turn provide
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the energy flux in the different (/,m) radiation multipoles. Even though both methods are in
practice applied at finite extraction radius, their predictions have been found to agree within
a ~1% error tolerance when applied to BH head-on collisions starting from restin D = 5 [69].
Recent years have also seen considerable progress in the understanding of the peeling proper-
ties of the Weyl tensor; see [1, 70] and references therein.

In particular, Godazgar and Reall [1] have performed a decomposition of the Weyl tensor in
higher dimensions, and derived a generalisation of the Newman—Penrose formalism for wave
extraction to D > 4. This analysis provides us with a quantity analogous to the Weyl scalar Uy,
from which we can calculate the energy radiated in gravitational waves in a similar fashion
to the method in D = 4. The one qualitative difference between the D =4 and D > 4 cases
comes in the availiability of a mode decomposition of the gravitational wave. In D = 4 we
can project the Weyl scalar onto spin weighted spherical harmonics, due to the decoupling of
the equations of motion as shown by Teukolsky [71, 72]. In higher dimensions however, a set
of conditions identified as sufficient for decoupling are not satisfied in black hole spacetimes
[73], and so at present we are unable to project out the angular dependence of the gravitational
wave energy. The numerical implementation of this formalism and probing the accuracy for a
concrete example application is the subject of this paper.

For this purpose, we require a formulation of the higher dimensional Einstein equa-
tions suitable for numerical integration. For computational practicality, all higher dimensional
time evolutions in numerical relativity have employed symmetry assumptions to reduce the
problem to an effective ‘d 4 1’ dimensional computation where typically d < 3. This has been
achieved in practice by either (i) imposing the symmetries directly on the metric line element
[74], (ii) dimensional reduction by isometry of the Einstein field equations [75, 76] or (iii) use
of so-called Cartoon methods [13, 77-80]. In our implementation, we use the latter method
combined with the Baumgarte—Shapiro—Shibata—Nakamura [81, 82] (BSSN) formulation of
the Einstein equations as expanded in detail in [83]. The relevant expressions for the GW
computation, however, will be expressed in terms of the Arnowitt—Deser—Misner [84] (ADM)
variables, and the formalism as presented here can be straightforwardly applied in other com-
mon evolution systems used in numerical relativity.

The paper is structured as follows. In section 2 we describe the notation used in the remain-
der of this work. In section 3 we recapitulate the key results of [1] which sets up the formal-
ism. In section 4 we put the formalism into a form compatible with the modified Cartoon
dimensional reduction of our simulations. In section 5 we describe the numerical set up used
in our simulations, analyse the energy radiated in BH collisions in D = 6 and compare the
predictions with literature results based on alternative wave extraction techniques.

2. Notation and indices

The key goal of our work is to extract the GW signal from dynamical, asymptotically flat D
dimensional spacetimes, i.e. manifolds M equipped with a metric g4, A, B=0, ..., D — 1,
of signature D — 2 that obey the Einstein equations with vanishing cosmological constant

1
GAB = RAB — ERgAB = 87TTAB. (21)

Here, T4p is the energy momentum tensor which we assume to vanish in the wave zone, Rsp
and R denote the Ricci tensor and scalar, respectively, and we are using units where the gravi-
tational constant and the speed of light G = ¢ = 1. Furthermore, we define the Riemann tensor
and Christoffel symbols according to the conventions of Misner, Thorne and Wheeler [85].



Class. Quantum Grav. 34 (2017) 035010 W G Cook and U Sperhake

The ADM space-time decomposition as reformulated by York [86] writes the metric line
element in the form

ds? = gupdxAdxB = (—a? + BiB)dr? + 25dxdt + ~,dxdx’, (2.2)

where I, J =1, ..., D—1, o and 61 denote the lapse function and shift vector, respectively,
and +;; is the spatial metric that determines the geometry of hypersurfaces ¢ = const. For this
choice of coordinates and variables, the Einstein equations (2.1) result in one Hamiltonian
and D — 1 momentum constraints as well as D(D — 1)/2 evolution equations cast into first-
order-in-time form by introducing the extrinsic curvature Kj; through

Oy = ﬂMaM'Y]J + 'YMjalﬂM + 'Y1MaJ/6M —2aKy; 2.3)

for a detailed review of this decomposition see [87, 88].

In the remainder of this work we assume that the ADM variables are available. The BSSN
formulation, for example, employs a conformally rescaled spatial metric -, the rescaled
traceless extrinsic curvature AU, a conformal factor y, the trace of the extrinsic curvature K
and contracted Christoffel symbols [ associated with the conformal metric. These are related
to the ADM variables by

—1/(D-1)

X="7 Ly =dety,,  K=7""Kyy,
: 1
T = X e Y= ;’YH,

D D—-1
I = §MNT (2.4)

- 1 1(x 1
AIJ = X(KI-I — —1’71‘/[() =4 KI.I = ;(AI\/ + —’}/IJK),

so that the ADM variables can be reconstructed straightforwardly at every time in the evo-
lution. For other popular evolution systems such as the conformal Z4 system [8§9-91] or the
generalised harmonic formulation [77, 92] the ADM variables are obtained in similar fashion
or directly from the spacetime metric components through equations (2.2) and (2.3).

Many practical applications of higher dimensional numerical relativity employ symmetry
assumptions that reduce the computational domain to an effective three dimensional spatial
grid using the aforementioned techniques. The reasons are two-fold: (i) the computational
cost of simulations in D > 3 + 1 dimensions massively increases with any dimension added
and (i) the SO(D — d) rotational symmetry accommodates many applications of interest that
can therefore be handled by relatively straightforward extensions of numerical codes origi-
nally developed for astrophysical systems in four spacetime dimensions. The so-called car-
toon methods have been developed for this specific purpose. An illustration of the idea is
given in figure 1, where rotational symmetry is assumed in every plane spanned by two of
the coordinates (z, w?), wherea = d + 1, ..., D — 1. Knowledge of the tensorial components
in the d dimensional hypersurface spanned by (xf ,2),1 =1, ..., d—1then is sufficient to
describe the entire spacetime. In numerical evolutions, however, there remains the question
of evaluating derivatives perpendicular to that plane. In the original cartoon version [93], this
was achieved through ghost zones off the computational domain which are populated by rota-
tion of the data on the plane and then facilitate evaluation of the derivatives through standard
discretisation methods. A modification of this method introduced in [77] (see also [13, 79,
80]), dispenses with the need for ghost zones. Instead, the required derivatives are obtained
through analytic relations from derivatives in the on-domain directions. A detailed discussion
and some example cases for the derivation of these relations are given in [83].
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Figure 1. Illustration of the cartoon method. The D — 1 dimensional spatial domain
is represented by D — 1 Cartesian coordinates x', z and w* where i= 1, ...,d—1,
a=d+1, ..., D— 1anddis the number of effective dimensions of the computational
domain. Rotational symmetry is assumed in all planes spanned by two of the (z, w*). For

example, collisions of black holes in the x plane, possibly with spin S inside this plane,
can be modelled this way.

In general, this method reduces the number of effective (spatial) dimensions from D — 1
to d, where 1 <d< D — 2. d =1 corresponds to spherical symmetry, i.e. SO(D — 1) isom-
etry, and the other extreme d = D — 2 corresponds to the axisymmetric case SO(2) with rota-
tional symmetry about one axis. As already detailed in [83], axisymmetry represents a special
case that imposes fewer constraints on the components of tensors and their derivatives and is
therefore most conveniently handled numerically in a manner similar but not identical to the
general case. We will discuss first in detail the case 1 <d < D — 3 and then describe the spe-
cific recipe for dealing with d = D — 2. Probably the most important situation encountered in
practical applications is that of an effective d = 3 dimensional spatial computational domain.
Whenever the expressions developed in the remainder of this work for general d are not trivi-
ally converted to d = 3, we shall explicitly write down the d = 3 version in addition to the
general case.

Let us start by considering a spacetime with at least two rotational Killing vectors which
is the scenario discussed in sections 2 and 3 of [83]. For convenience, we will employ two
specific coordinate systems adapted to this situation. The first is a set of Cartesian coordinates

XA =, x o x Wt WP = (X z w®) = (1, X, WY, (2.5)
d—1)x (D—d—1)x
where middle Latin indices without (with) a caret range fromi =1, ..., d (f =1,...,d—1

and early Latin indices run froma = d + 1, ..., D — 1; see figure 1. The second is a system of
spherical coordinates

YA = (t’ r, ¢23 ¢3v EARE) ¢D_1 ) = (t, r, qsa)’

(2.6)
(D—2)x
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where Greek indicesrunfroma = 2, ..., D — 1. Weuse middle, upper case Latin indices to denote
all spatial coordinates of either of these systems, so that X! = (x', z, w*) and Y! = (r, ¢) with
I=1,...,D — 1. Rotational symmetry is assumed in all directions ¢*, a=d+ 1, ..., D — 1.
In the special case d = 3, we use the notation x’ = (x, y), so that equation (2.5) becomes

XA =, x vy 2w ..., wPh, 2.7)

We orient the Cartesian coordinates (2.5) such that they are related to the spherical coor-

dinates (2.6) by

w'=)x! = rcos ¢,

wr=)x? = rsin ¢* cos ¢,

(Wdfl = ) xdfl

rsin @2 ... sin ¢! cos ¢,

wi=)z = rsin¢? ... sin ¢! sin ¢? cos p¢*, 2.8
witl = rsin@? ... sin@? ! sin ¢? sin ¢4+ cos p?72, '
wP—3 = rsin¢? ... sinp? 73 cos P2,

wbP=2 = rsin¢? ... sin P73 sin p?~2 cos pP 1,

wb=1 = rsin¢? ... sin =3 sin P2 sin P~ 1.

Here ¢~ € [0, 2], and all other ¢® € [0, 7], and we have formally extended the w coordi-
nates to also include (in parentheses in the equation) w' = x’ which turns out to be convenient
in the notation below in section 4. Note that for the orientation chosen here, the x axis denotes
the reference axis for the first polar angle rather than the z axis which more commonly plays
this role for spherical coordinates in three spatial dimensions.

For orientation among the different sets of indices, we conclude this section with a glossary
listing index variables and their ranges as employed throughout this work.

e Upper case early Latin indices A, B, C, ...range over the full spacetime fromOto D — 1.

e Upper case middle Latin indices /, J, K, ... denote all spatial indices, inside and outside
the effective computational domain, running from 1 to D — 1.

e Lower case middle Latin indices i, j, k, ... denote indices in the spatial computational
domain and run from 1 to d. For d = 3, we have x' = (x, v, 2).

e Lower case middle Latin indices with a caret i s f , ...run from 1 to d — 1 and represent
the x' (without caret) excluding z. In d = 3, we write X = (x, y).

e Lower case early Latin indices a, b, c, ...denote spatial indices outside the computational
domain, ranging fromd + 1 to D — 1.

e Greek indices a, 3, ...denote all angular directions and range from 2 to D — 1.

e Greek indices with a caret &, B , ... denote the subset of angular coordinates in the com-
putational domain, i.e. range from 2, ..., d. As before, a caret thus indicates a truncation
of the index range.

e Put inside parentheses, indices cover the same range but merely denote labels rather than
tensor indices.

e An index 0 denotes a contraction with the timelike normal to the foliation, rather than the
time component, as detailed below in section 4.1.1.

e V, denotes the covariant derivative in the full D dimensional spacetime, whereas D;
denotes the covariant derivative on a spatial hypersurface and is calculated from the
spatial metric ;.
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e We denote by R with appropriate indices the Riemann tensor (or Ricci tensor/scalar) of
the full D dimensional spacetime, and by R the spatial Riemann tensor (or Ricci tensor/
scalar) calculated from ~;;.

3. Theoretical formalism

Our wave extraction from numerical BH simulations in D > 4 dimensions is based on the for-
malism developed by Godazgar and Reall [1]. In this section, we summarise the key findings
and expressions from their work.

The derivation [1] is based on the definition of asymptotic flatness using Bondi coordinates
[26] (u,t, ™) where u is retarded time, v the radius and ¢® are D — 2 angular coordinates
covering the unit D — 2 sphere. A spacetime is asymptotically flat at future null infinity [94] if
the metric outside a cylindrical world tube of finite radius can be written in terms of functions

A(l/l, t’ ¢Oé), B(uv t? ¢Ot)’ C(u’ t’ ¢O() as
2= — AeBdu? — 2eBdu dv + t?h,p(de” + Codu)(do” + CPdu), (3.1

with det h,3 = det w,g where w,g is the unit metric on the D — 2 sphere. For an asymptotically
flat spacetime h,3 can be expanded as [94]

ST D, ¢7)
aﬁ = wozﬁ(¢ﬂ/) + Z m, (3.2)

520

and the Bondi news function is obtained from this expansion as the leading-order correc-
tion h“)

In analogy with the D = 4 case, a null frame of vectors is constructed which is asymptoti-
cally given by*

R A N
ol

o’ ou 20
Note that all the tetrad vectors are real in contrast to the D = 4 dimensional case where the
two vectors myy) and my3) are often written as two complex null vectors. Next, the components
of the Weyl tensor are projected onto the frame (3.3) and the leading order term in the radial
coordinate is extracted. Following [1], we denote this quantity by €/ and its components are
given by

(3.3)

A/l AV

= Cuncok iy = 1 ﬁj)jf)hl“” oo, 64
Here éfa) denote a set of vectors forming an orthonormal basis for the unit metric w,g on the
D — 2 sphere. In practice, this basis is constructed using Gram—Schmidt orthonormalisation
starting with the radial unit vector.

As with the Newman—Penrose scalar W, in the four dimensional case, we note that this is
the contraction of the Weyl tensor with the ingoing null vector twice and two spatial vectors.
Whereas in D = 4 the two polarisations of the gravitational waves are encoded in the real and

#The construction of the exact analogue of the Kinnersley [95] tetrad in general spacetimes at finite radius is subject
of ongoing research even in D = 4 (see e.g. [34, 96]). In practice, the error arising from the use of an asymptotic
form of the tetrad at finite extraction radii is mitigated by extracting at various radii and extrapolating to infinity

[37] and we pursue this approach, too, in this work.
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imaginary parts of Wy, here Q{a)(ﬂ) is purely real, with the «, [3 labels providing the different
polarisations.
The final ingredient for extracting the energy radiated in GWs is the rate of change of the
Bondi mass given by [94]
1 (1)

y s (Daf
M(l/t) = a o2 haﬁh “ dw. (35)

By substituting in for hgzg from the definition of Qéa)(ﬁ) we obtain an expression for the mass
loss.

. D2 " ) \2
M) = lim = fs H( [ Y @, qb”’)du) do, (3.6)

where the notation (...)? implies summation over the (o), (3) labels inside the parentheses,
and dw denotes the area element of the D — 2 sphere. In practice, we will apply equation (3.6)
at constant radius t, therefore replace retarded time u with ‘normal’ time ¢ and start the integra-
tion at # = 0 rather than —oo, assuming that GWs generated prior to the start of the simulation
can be neglected.

4. Modified cartoon implementation

The formalism summarised in the previous section is valid in generic D dimensional space-
times with or without symmetries. We now assume that the spacetime under consideration
obeys SO(D — d) isometry with 1 <d< D — 3, and will derive the expressions required for
applying the GW extraction formalism of section 3 to numerical simulations employing the
modified Cartoon method.

Throughout this derivation, we will make use of the expressions for scalars, vectors and
tensors in spacetimes with SO(D — d) symmetry and the regularisation of their components
at z = 0 as listed in appendices A and B of [83]. The key result of these relations for our pur-
poses is that the ADM variables a, G, ;> Kiy for a spacetime with SO(D — d) isometry can
be expressed completely in terms of their d dimensional components 3/, 7; and Kj; as well as
two additional functions +,,, and K,,, according to

/7 % )
YO S (4.1)

while the scalar o remains unchanged.

From the viewpoint of numerical applications, the key relations of the procedure reviewed
in section 3 are equations (3.4) and (3.6). The first provides Q{a)(ﬁ) in terms of the Weyl tensor
and the normal frame, and the second tells us how to calculate the mass loss from Q{Q)(ﬂ). The
latter is a straightforward integration conveniently applied as a post processing operation, so
that we can focus here on the former equation. For this purpose, we first note that in practice
wave extraction is performed in the wave zone far away from the sources. Even if the sources
are made up of non-trivial energy matter fields, the GW signal is calculated in vacuum where
the Weyl and Riemann tensors are the same. Our task at hand is then twofold: (i) calculate the

8



Class. Quantum Grav. 34 (2017) 035010 W G Cook and U Sperhake

Riemann tensor from the ADM variables and (ii) to construct a null frame. These two tasks are
the subject of the remainder of this section.

4.1. The Riemann tensor

4.11 The (D — 1) + 1 splitting of the Riemann tensor. The ADM formalism is based on a
space-time decomposition of the D dimensional spacetime manifold into a one-parameter
family of spacelike hypersurfaces which are characterised by a future-pointing, unit normal
timelike field n*. This normal field together with the projection operator

J_A B— (SA B—|— nAnB, (42)

allows us to split tensor fields into components tangential or orthogonal to the spatial hyper-
surfaces by contracting each tensor index either with n or with 18 4. For a symmetric rank
(0,2) tensor, for example, we thus obtain the following three contributions

Too = Tupn™n®, L Toa =L Tao= 1 sTepn®, L Typ= 1€ 410 Tep. (4.3)

The most important projections for our study are those of the Riemann tensor which are
given by the Gauss—Codazzi relations used in the standard ADM splitting of the Einstein
equations (see e.g. [87])

L Rupcp = Rapep + KacKpp — KapKep, (4.4)
L Raocp = L (Rapcpn®) = —DcKap + DpKac, 4.5)

L Raoco= L (Rapcpn®nP) = L Rac + Rac + KKac — KareKE ¢
= Rac + KKac — KagKE ¢, (4.6)

where in the last line we used the fact that in vacuum Rsc and, hence, its projec-
tion vanishes (note, however, that in general Rsc=0 even in vacuum). Furthermore
DcKap = OcKup — FgAKBD — FgDKAB is the covariant derivative of the extrinsic curvature
defined on the spatial hypersurface, with Christoffel symbols calculated from the induced
metric 7, 5. Equations (4.4)—(4.6) tell us how to reconstruct the full D dimensional Riemann
tensor from D — 1 dimensional quantities defined on the spatial hypersurfaces which foliate
our spacetime.

From this point on, we will use coordinates adapted to the (D — 1) + 1 split. In such coor-
dinates, we can replace in equations (4.4)—(4.6) the spacetime indices A, B, ... on the left
and right-hand side by spatial indices /, J, ... while the time components of the spacetime
Riemann tensor are taken into account through the contractions with the unit timelike normal
n* and which we denote with the suffix 0 in (4.5) and (4.6). Note that more than two con-
tractions of the Riemann tensor with the timelike unit normal n* vanish by symmetry of the
Riemann tensor.

4.1.2. The Riemann tensor in SO(D — 3) symmetry. The expressions given in the previous sec-
tion for the components of the Riemann tensor are valid for general spacetimes with or with-
out symmetries. In this section, we will work out the form of the components of the Riemann
tensor in spacetimes with SO(D — d) isometry for1 <d< D — 3.

For this purpose we recall the Cartesian coordinate system X/ = (x{ , 2, w9) of equa-
tion (2.5), adapted to a spacetime that is symmetric under rotations in any plane spanned
by two of the (z, w*). We discuss in turn how the terms appearing on the right-hand sides of

9



Class. Quantum Grav. 34 (2017) 035010 W G Cook and U Sperhake

equations (4.4)—(4.6) simplify under this symmetry. We begin with the components of the
spatial Riemann tensor, given in terms of the spatial metric and Christoffel symbols by

1
RukL = E(aLaI’YJK + Ok Oy, — OkOryy, — OL0rvk)

ST A LR i 4.7)

The rotational symmetry imposes conditions on the derivatives of the metric, the Christoffel
symbols and the components of the Riemann tensor that are obtained in complete analogy to
the derivation in section 2.2 and appendix A of [83]. We thus calculate all components of the
Riemann tensor, where its indices can vary over the coordinates inside and outside the com-
putational domain, and obtain

1 n m nm
Rijm = E(alai%'k + k0 — OOy — 0101V — WLl 't + YLt s (4.8)

Rajm = 0, (4.9)
Riajb = 6abRiij» (410)
0 Ve — 620 Vow Yz 6 Vww
RinW = e ZZ(] i - 62(1 i sz)z - %8]'8i7ww - ’YmnFl(jl'Fﬁw
10% OV, — 0i0iVe 1
LRy + 2 1j)z _ 2Yjz + —'waaﬁwwaﬂww’ (4.11)
2 z z 4
I 5 — e
Lo = =270 + w (4.12)
Raper = 0, (4.13)
Raved = (BacOrd — Obcbaa) Rwuwus (4.14)
1 il Vow = VY oy
Rovuwu = _Z’ymn m’ywwaﬂlyww - ’yww’y—am’yww + - 2 (4.15)
z Zz

For the right-hand side of equation (4.6), we also need the spatial Ricci tensor which is
obtained from contraction of the Riemann tensor over the first and third index. In SO(D — d)
symmetry, its non-vanishing components are

Rij = 7" Ropinj + (D = d = YY" Rijs (4.16)
Rgb = 6{1})RWW9 (417)
wa = ’Ymanwnw + (D —d - 2)’YWW,R’WMWM' (418)

Note that the last expression, """ R, does not involve a summation over w, but merely
stands for the product of v** with the expression (4.15).

10
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The components of the extrinsic curvature are given by equation (4.1). Its derivative
is directly obtained from the expressions (A.1)—(A.12) in appendix A of [83] and can be
written as

DKy = 0Ky — UKy — ThK, (4.19)

DiKup = Oap(OiKyny — wa’}/wwaﬂ/ww)» (4.20)
K, — 6K, 1 ;

DKy = b(% -3 oY O e — K,,.rww). 4.21)

Next, we plug the expressions assembled in equations (4.7)—(4.21) into the Gauss—Codazzi
equations (4.4)—(4.6) where, we recall, early Latin indices A, B, ... are now replaced by
I, J, ... following our switch to adapted coordinates. Splitting the index range / into (i, a)
for components inside and outside the computational domain, and recalling that an index 0
denotes contraction with n, we can write the resulting components of the spacetime Riemann
tensor as

Riju = Riju + KuKji — KiKi, (4.22)
Ripka = paRiviows (4.23)
Riviw = Riiw + KitKin (4.24)
Rabed = (8acOpd — O9e8aa) R + Ko, (4.25)
Rajii = Raper = 0, (4.26)
Riow = DiKix — DiKiy, (4.27)
Raock = acRyonko (4.28)
Rutnt = 0K = 27" Ko D~ 4 T K, (429)
Raoca = Rioka = Raou = 0, (4.30)
Riojo = Rjj + KKjj — Kin K7, 4.31)
K ="Ky + (D —d — 1)y Ky, (4.32)
Ra0p0 = OapRiwowo, (4.33)
Ryowo = Ry + (K — v"Ky) Ky (4.34)
Raoi0 = 0. (4.35)

With these expressions, we are able to calculate all components of the spacetime Riemann
tensor directly from the ADM variables Vi Voo K;j and K, and their spatial derivatives. There
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remains, however, one subtlety arising from the presence of terms containing explicit division
by z. Numerical codes employing vertex centered grids need to evaluate these terms at z = 0.
As described in detail in appendix A, all the above terms involving division by z are indeed
regular and can be rewritten in a form where this is manifest with no divisions by zero.

4.2. The null frame

The null frame we need for the projections of the Weyl tensor consists of D unit vectors as
given in equation (3.3): (i) the ingoing null vector k%, (ii) the outgoing null vector * which,
however, does not explicitly appear in the scalars (3.4) for the outgoing gravitational radiation,
and (iii) the (D — 2) vectors mél) pointing in the angular directions on the sphere.

We begin this construction with the D — 2 unit basis vectors on the D — 2 sphere, m&),
and recall for this purpose equation (2.8) that relates our spherical coordinates (7, ¢®) to the
Cartesian (x; , z, w%). The set of spatial vectors, although not yet in orthonormalised form, then
consists of a radial vector denoted by (1) and D — 2 angular vectors 71,y whose components
in Cartesian coordinates X! = (xf , Z, w?) on the computational domain w* = 0 are obtained
through the chain rule

5 o ox' 5 1 ~

My = == oo Ty = 7(xl, e x@1200, .0, 0), (4.36)

a0 _ ox! o 437
(@) 8¢a 8(;5“ ox!’ (4.37)

We can ignore time components here, because our coordinates are adapted to the space-
time split, so that all spatial vectors have vanishing time components and this feature is pre-
served under the eventual Gram—Schmidt orthonormalisation. Plugging equation (2.8) into
(4.37), we obtain for 71, (after rescaling by r x sin @ X ... x sin ¢%)

D—1 2 O 0 0
=2 D M —2) % : :
wip? 0
. D1, .
Y : :
ey s Y ey 0 s 0 . (4.38)
we e D—2\2 D—1y2
- —wP2)? = wPh 0
: : A o Do1y2
Lo wo—L,D-2 wP=3yD-2 W=
_ 2 po D—2, D—1
A W LyD-1 wP=3P-1 wP=2y
o N
=Jit(y _-*—.’Jh(,n) =il s, =m{p_1,

In D = 4 dimensions, these vectors, together with 711y of equation (4.36) would form the start-
ing point for Gram—Schmidt orthonormalisation; see e.g. appendix C in [57]. In D > 5 dimen-
sional spacetimes with SO(D — d) symmetry, however, we face an additional difficulty: on the
computational domain w* = 0, all components of the vectors i1y, ..., fip—1) vanish and
their normalisation would result in divisions of zero by zero. This difficulty is overcome by
rewriting the Cartesian components of the vectors in terms of spherical coordinates and then
exploiting the freedom we have in suitably orienting the frame. The details of this procedure
are given in appendix B where we derive a manifestly regular set of spatial vectors given by

12
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iy = (0] x, ..., x4 ]0,...,0), (4.39)

mé) =(0| —pi, 2, X3, x40, L, 0), (4.40)

A 2 a-1.4 a—1,.d

Mgy = (0,10, ...,0, —pz, x*x% .., x*"x? [0, ..., 0), (4.41)
G-2)%

A d  d-1

gy =0, 0, ..., 0, —x%, x*7 1[0, ..., 0), (4.42)
d-2)x

gy =010, .., 01,0, .. 0),

(4.43)
dx

figp_1y =010, ...,0[0, ..., 0, 1), (4.44)
dx

where p; = Zf):_ll(w’)z, we have restored, for completeness, the time component and the
vertical bars highlight the three component sectors: time, spatial on-domain, and spatial
off-domain. Equations (4.43) and (4.44) can, of course, be conveniently written in short-hand
notation as nﬁ&) = §4 . For the special case d = 3, the vectors are given by

iy =0 x,y,2]0,..., 0), (4.45)
ﬁié) =0]—y>—2% xy, 2|0, ..., 0), (4.46)
iy =010, =z, y |0, ..., 0), (4.47)
iy, =(0]0,0,0[1,0, ..., 0), (4.48)
...... (4.49)
figp_1, =(01]0,0,0]0, ..., 0, 1), (4.50)

The next step is to orthonormalise these vectors. Clearly the vectors mé,) with components
in the w* dimensions are normalised by:
mily = ——o, 4.51)
a .
N
For the remaining d vectors given by equations (4.39)—(4.42) or, for d = 3, the spatial triad
consisting of the three vectors (4.45)—(4.47), we use standard Gram—Schmidt orthonormali-
sation. Note that under this procedure the components outside the computational domain of
these vectors remain zero and can therefore be ignored.
The final element of the null frame we need is the ingoing null vector, which we call k.

Given in [1] as 0/0u — %8/5& asymptotically, we transform out of Bondi coordinates, sending

13
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(u, t) = (t, r) and furthermore use the freedom of rescaling this null vector by applying a con-
stant factor of® /2

1
kA = f(nf‘ —m}) (4.52)
Expressing the timelike unit normal field #* in terms of our gauge variables a, 3’ we find
L(r g
k= —=| = == = m,|, 4.53
e ) 4.53)

where 31 = (4, 0, ..., 0), mfl) = (mél), 0, ..., 0). This result provides the ingoing null vector
for any choice of d and is the version implemented in the code.

4.3. The projections of the Weyl tensor

Finally, we calculate the projections of the Weyl tensor that encode the outgoing gravitational
radiation

B D
oy = Rapepk mig kCm), (4.54)

(see equation (3.4)) where K s given by equation (4.53) and the normal frame vectors
me, ..., mp—1y are those obtained from Gram-Schmidt orthonormalising the right-hand
sides of equations (4.39)—(4.44).

We first note that Qéa)(ﬁ) is symmetric in o < 3, so contractions solely with my), ..., m)

will result in d(d — 1)/2 components QE@) Gy For the special case d = 3, we obtain the three
components Qéz)(z)’ 922)(3), Q£3)(3). The null vector k has vanishing w components and from
equations (4.22)—(4.35) we see that all components of the Riemann tensor where an odd num-
ber of indices is in the range a, b, ... are zero. The only non-vanishing terms involving the
Riemann tensor with off-domain indices a, b, ..., therefore, have either four such indices or
two and contain a Kronecker delta d,; see equations (4.23), (4.25), (4.28) and (4.33). As
a consequence, the mixed components Qé&)w) = 0 and the purely off-domain components

Q{a)(b) o 64p- The list of all non-vanishing components Qfaxa) is then given by

1 k k k
-2 1 m l_ m ol
de)(f?) = [ROkozm(@)m(g) Rkalm(l)m(d)m(g) ROkmlm(@)m(l)m(ﬁ)
k
/ — /
Qaysy = ab Loy - (4.56)
/ 1 k 7 ko1
W w) — 4— [RWOWO - RwOwkm(1) - Rwowlm(1) + kawlm(1)m(1)] s (4.57)
’YWW
where &, ﬁ =2, ..., d and all components of the Riemann tensor on the right-hand sides are

listed in the set of equations (4.22)—(4.35). In particular, the components R,,0,0, Ryowr and
R\w1, Wwhich contain indices in the off-domain directions, are obtained from equations (4.34),
(4.29) and (4.24), respectively and thus derived directly from quantities computed in the
simulation (the ~y;, Kjj, ,,, and K,,,, that appear on the right-hand sides of these equations or

3 The convention we adopt here is more common (though not unanimous) in numerical relativity.
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enter in the calculation of the spatial Riemann tensor). It should be noted here that Q{a)(m
is trace free, and so Q{W)(W) can be calculated from the diagonal terms 9(2)(2), oo gyay In @
numerical simulation, the components of Q{a)(ﬂ) are calculated as functions of time and then
can be integrated according to equation (3.6) to extract the amount of energy radiated in
gravitational waves.

4.4. SO(2) symmetry

In the axisymmetric case d = D — 2 there exists only one w direction (off domain). As dis-
cussed in section 4 of [83], we keep all tensor components as we would in the absence of
symmetry, and the modified Cartoon method and, thus, the rotational symmetry only enters in
the calculation of spatial derivatives in the w direction. For SO(2) symmetry, the extraction of
gravitational waves therefore proceeds as follows.

e All components of the ADM metric and extrinsic curvature are extracted on the D — 2
dimensional computational domain.

e The spatial Riemann tensor and its contractions are directly evaluated using equation (4.7)
with the relations of appendix C in [83] for off-domain derivatives.

e The necessary components of the spacetime Riemann tensor and its projections onto the
timelike unit normal are evaluated through equations (4.4)—(4.6).

e The null frame is constructed as detailed in section 4.2, simply setting d = D — 2.

e All the projections of the Weyl tensor onto the null frame vectors are obtained from
equation (4.55), but now covering the entire range of spatial indices

1
/ K L M K L K M _ L
Qars = 1 [ROKOLm(mm(ﬂ) = Rygormymia sy — Roxmrmiamiyms
M_ K N L
+RMKNLm<1>m<a)m(1>m(ﬁ)] : (4.58)

Note that with the existence of more components of the Riemann tensor, more projections of
the Weyl tensor now exist, specifically cross-terms such as sz)(w). This can be seen straightfor-
wardly by using SO(2) modified Cartoon terms from appendix C of [83] and the expressions
for the full and spatial Riemann tensor given in equations (4.4) and (4.7). For example, we can
see that a component such as R, is non-zero. This will contribute to terms of the form Q{d)(w).
As already emphasised in [83], the key gain in employing the modified Cartoon method for
simulating axisymmetric spacetimes does not lie in the elimination of tensor components, but
in the dimensional reduction of the computational domain.

5. Numerical simulations

In the remainder of this work, we will implement the specific version of the wave extraction
for d = 3 and D = 6 and simulate head-on collisions of equal-mass, non-spinning BHs start-
ing from rest. We will calibrate the numerical uncertainties arising from the numerical dis-
cretisation of the equations (fourth order in space and time and second order at the outer and
refinement boundaries), the use of large but finite extraction radii and also consider the depen-
dency of the results on the initial separation of the BHs. This type of collisions has already
been studied by Witek ez al [69] who calculate the GW energy using the Kodama—Ishibashi
formalism, which enables us to compare our findings with their values.

15



Class. Quantum Grav. 34 (2017) 035010 W G Cook and U Sperhake

5.1 Code infrastructure and numerical set-up

We perform evolutions using the LEAN code [57, 97] which is based on CACTUS [98, 99]
and uses CARPET [100, 101] for mesh refinement. The Einstein equations are implemented in
the BSSN formulation with the modified Cartoon method employed to reduce computational
cost. For the explicit equations under the SO(D — 3) symmetry that we use, see section 3.2 of
[83] with parameter d = 3. Without loss of generality, we perform collisions along the x axis,
such that the centre-of mass is located at the origin of the grid, and impose octant symmetry.

We specify the gauge in terms of the ‘1 4 log’ and ‘I" driver’ conditions for the lapse func-
tion and shift vector (see e.g. [102]) according to

O = MO0 — 20K, 5.1

. 1 1
8 i mam i + = l’ )
5" = B"0mf3 2 7R, B (5.2)
with initial values o = 1, 3 = 0.

The BH initial data is calculated using the higher dimensional generalisation of

Brill-Lindquist data [103, 104] given in terms of the ADM variables by

_ — o M(D=3 _ Far

Ky =0, v, =9Y®P 3, =1+ %: 4[223(}(,( B X%)Z](D—s)/z ’ (5.3)
where the summation over A/ and K extends over the multiple BHs and spatial coordinates,
respectively, and X f/ denotes the position of the A'th BH. As mentioned above, we place
the BHs on the x axis in the centre-of-mass frame, so that in the equal-mass case, we have
Xﬁ\/ = = x0. Our initial configuration is therefore completely specified by the initial separa-
tion which we measure in units of the horizon radius R;, of a single BH. The BH mass and the
radius R, are related through the mass parameter p by

167M D3 2172
FED o,y MR s (%) (5.4)
where Ap_; is the surface area of the unit (D — 2) sphere.

The computational domain used for these simulations consists of a set of eight nested refine-
ment levels which we characterise in terms of the following parameters: (i) the resolution A
on the innermost level which gets coarser by a factor of two on each consecutive outer level,
(ii) the size L of the domain which describes the distance of the outermost edge from the origin,
and (iii) the resolution H on the refinement level where the gravitational waves are extracted.

For each simulation, we calculate the Q{aw) on our three dimensional computational grid
and project them onto a two dimensional array representing a spherical grid at fixed coordi-
nate radius. The data thus obtained on the extraction sphere are inserted into equation (3.6).
The Q(a)(ﬁ) are scalars and so in our angular coordinate system do not depend on ¢*, ..., pP~1,
so the integral over the sphere in (3.6) can be simplified:

r

D-2 T T
M@) = — lim Ap_4 f f 1Q2] sin?~3(¢?) sinP~4($?) dp’de?, (5.5)
T 0 0

r—=0o0 8

" 2 .
where I[Q/?] = ( L Q{a)(ﬁ) dzl) . A final integration over time of the variable M then gives
the total radiated energy.
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5.2. Numerical results

We begin our numerical study with an estimate of the uncertainty in our GW estimates arising
from the discretisation of the equations. For this purpose, we have evolved two BHs initially
located at at x = £ x9 = £4.0 R, using a computational grid of size L = 181R;, and three
resolutions h; = R;,/50.8, hp = R;,/63.5 and h; = R;,/76.2 which corresponds to H} = R;/2.12,
H, = R,/2.65 and H3 = R;,/3.17 in the extraction zone.

We measure the radiated energy in units of the total ADM mass of the spacetime, which for
Brill-Lindquist data is given by equation (5.4) with = u; + p,, the mass parameters of the
initial BHs. The radiated energy as a function of time is shown in the upper panel of figure 2.
The radiation is almost exclusively concentrated within a window of Az = 20 R, around merger.
During the infall and the post-merger period, in contrast, E;,q remains nearly constant. In com-
parison with collisions in D = 4 dimensions, we find the burst of spurious (colloquially referred
to as ‘junk’) radiation significantly weaker, presumably because the Brill-Lindquist data in
higher D more closely represent two black holes in isolation due to the higher fall-off rate of
the gravitational interaction. By comparing the high-resolution result with that obtained for the
coarser grids, we can test the order of convergence. To leading order, the numerical result f;,
for some variable obtained at finite resolution # is related to the continuum limit solution f by
=1/, + O"), where n denotes the order of convergence. By evaluating the quotient

0, = In "I _ (ulha)' — 1 6

" fuhy 1 (i) 6.0
we can then plot the two differences f, — f,, and f,, — fj, and test whether their ratio is con-
sistent with a given value n. The results for our study are shown in the lower panel of figure 2
which demonstrates that our numerical results converge at fourth order. The discretisation
error of the total radiated energy is then obtained as the difference between the finite resolu-
tion result and that predicted by Richardson extrapolation (see upper panel in the figure). We
obtain for the high-resolution case a total radiated energy E;,q = 8.19 x 10~* Mapy with a
discretisation error of ~0.4%, but note that the error in the cumulative energy peaks at a larger
value of a few % during the sharp increase of E;,4(f) marking the merger phase.

A second source of error arises from the extraction at finite radius. Following standard
practice (see e.g. [37]), we estimate this uncertainty by extracting the GW energy at a set of
seven or eight finite radii in the range 40R, to 110R;, and extrapolating these values assuming
a functional dependency

Eraa(r) = Eraq(00) + % + O(%), 5.7

where a is a coefficient obtained through the fitting of the numerical data. By applying this
procedure, we estimate the uncertainty due to the extraction radius at 0.2% at Rex = 110 Ry,
and 0.4% at Rex = 60 Ry,

An independent check of our results is available in comparing the radiated energy with
the predictions of the perturbative extraction method [66] based on the Kodama-Ishibashi
formalism. For this purpose, we have calculated using A3 = R;/76.2 the gravitational-wave
energy radiated in the quadrupole mode as predicted by the Kodama-Ishibashi formalism.
Contributions from higher-order multipoles are negligible for this comparison; for odd / they
vanish completely by symmetry and for even / up to / = 8 they are well below the numerical
uncertainty budget. This quadrupole energy is compared with the result obtained from the
Weyl tensor in figure 3. The difference for the total radiated energy is about 0.3%, though a
larger temporary discrepancy for E;,q as a function of time is encountered during the steep
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Figure 2. Upper panel: radiated energy as a function of time obtained for the highest
resolution i3 = R;,/76.2 (solid curve) and Richardson extrapolated to infinite resolution
assuming fourth-order convergence (dashed curve). The curves are nearly on top of
each other and we plot in the lower half of the panel their difference to show the level
of agreement. Lower panel: convergence plot for the radiated energy E.,q extracted
at rex = 50.4 R, from an equal-mass collision of two non-spinning BHs in D =6
starting from a separation 8R;,. The results shown have been obtained using resolutions
hy = Ry/50.8, hy = R,/63.5and h3 = R;,/76.2. The difference in radiated energy between
the medium and high-resolution simulations has been rescaled by a factor Q4 = 2.784
expected for fourth-order convergence.

increase at merger, up to a few %. This discrepancy is within the error budget of the two

extraction methods.

Finally, we have measured the dependency of the total radiated energy on the initial
separation of the BHs. In addition to the simulations discussed so far, we have performed
high-resolution simulations placing the BHs at xo = £ 7.8 R, and xo = 4+ 12.8 R;,. We have
found very small variations at a level of 0.1% in the radiated energy for these cases, well below
the combined error budget obtained above. Compared with collisions in D =4 dimensions
(see e.g. table II in [57]), E;.q shows significantly weaker variation with initial separation in
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Figure 3. Gravitational wave energy E,q as a function of time using k3 = R;/76.2 and
extracted at 7ex = 50.4 R;, for the D = 6 equal-mass head-on collision. The prediction
by the new formalism is compared with that of the Kodama-Ishibashi formalism for the
quadrupole mode (the higher-order multipoles provide negligible contributions in this
case). The bottom panel shows the differences between the two curves.

D = 6. We attribute this to the more rapid fall-off of the force of gravity in higher dimensions
leading to a prolonged but dynamically slow infall phase which generates barely any GWs.

In summary, we find the total energy radiated in gravitational waves in a head-on collision
of two equal-mass, non-spinning BHs to be

Epaa = (8.19 +0.05) x 10~ My, 58

in excellent agreement with the value (8.1 & 0.4) x 10~* reported in the independent study by
[69] using dimensional reduction by isometry and the Kodama-Ishibashi formalism.

6. Conclusions

The extraction of gravitational waves from numerical simulations is one of the most impor-
tant diagnostic tools in studying the strong-field dynamics of compact objects in four as well
as higher dimensional spacetimes. In this work we have formulated the Weyl tensor based
wave extraction technique of Godazgar and Reall [1]—a higher dimensional generalisation
of the Newman—Penrose scalars—in a form suitable for numerical simulations of D > 4
dimensional spacetimes with SO(D — d), 1 <d< D — 2, symmetry employing the modified
Cartoon method. The only prerequisite for implementing our formalism is the availability of
the ADM variables on each spatial hypersurface of the effective computational domain. These
are constructed straightforwardly from all commonly used numerical evolution systems such
as BSSN, generalised harmonic or conformal Z4.
The recipe for extracting the GW signal then consists of the following steps.

(1) Computation of the on and off-domain components of the spatial Riemann tensor (which
equals the Weyl tensor in the vacuum extraction region) and the derivative of the extrinsic
curvature according to equations (4.8)—(4.21).

(2) Reconstruction of the components of the spacetime Riemann tensor as well as its contrac-
tions with the unit timelike normal from the quantities of the previous step according to
equations (4.22)—(4.35).
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(3) Construction of the null-frame vectors through Gram-Schmidt orthonormalising the
expressions of equations (4.39)—(4.44) and then using (4.53) for the ingoing null vector.

(4) Calculation of the projections Qfa)(ﬂ) of the Weyl tensor onto the null frame vectors using
equations (4.55)—(4.57).

(5) Calculation of the energy flux in GWs through equation (3.6) and integration in time of
the flux to obtain the total radiated energy.

The most common case of modelling higher dimensional spacetimes with rotational symme-
tries is the case of d = 3 effective spatial dimensions which allows for straightforward gener-
alisation of existing codes (typically developed for 3 4 1 spacetimes) and also accommodates
sufficiently complex dynamics to cover most of the important applications of higher dimen-
sional numerical relativity. We have, for this purpose, explicitly given the specific expressions
of some of our relations for d = 3 where these are not trivially derived from their general
counterparts.

For testing the efficacy and accuracy of this method, we have applied the wave extraction
to the study of equal-mass, non-spinning head-on collisions of BHs starting from restin D = 6
using d = 3. We find these collisions to radiate a fraction (8.19 + 0.05) x 10~ of the ADM
mass in GWs, in excellent agreement with a previous study [69] employing a perturbative
extraction technique based on the Kodama—Ishibashi formalism. We find this energy to be
essentially independent of the initial separation which we have varied from 8.0 to 15.6 and
25.6 times the horizon radius of a single BH. We attribute this result to the higher fall-off rate
of the gravitational attraction in higher dimensions and the correspondingly slow dynamics
during the infall stage.

We finally note that the Weyl tensor based wave extraction ideally complements the per-
turbative extraction technique of the Kodama—Ishibashi formalism. The latter provides the
energy contained in individual (/,m) radiation multipoles but inevitably requires cutoff at
some finite /. In contrast, the Q{a)(ﬁ) facilitate calculation of the total radiation, but without
multipolar decomposition. It is by putting both extraction techniques together, that we obtain
a comprehensive description of the entire wave signal. Future applications include the stabil-
ity of highly spinning BHs and their transition from unstable to stable configurations, the
wave emission in evolutions of black rings and an extended study of higher dimensional BH
collisions over a wider range of dimensionality D, initial boosts and with non-zero impact
parameter. These studies require particularly high resolution to accurately model the rapid
fall-off of gravity, especially for D >4, and are therefore beyond the scope of the present
study. However, the foundation for analysing in detail the GW energy emission in these and
many more scenarios is now available in as convenient a form as in the more traditional 3 + 1
explorations of numerical relativity.
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Appendix A. Regularisation of terms atz =0

For the axisymmetric case d =D — 2, we only need to regularise terms appearing in the
calculation of derivatives in the off-domain w direction. All these terms are given explicitly in
appendix C of [83], so that in the following we can focus exclusively on the additional terms
appearing for 1 <d< D — 3, i.e. for spacetimes admitting two or more rotational Killing vec-
tor fields.

The treatment of these terms proceeds in close analogy to that of the BSSN equations in
the modified Cartoon approach as described in detail in appendix B of [83]. In contrast to that
work, however, we will not be using the conformally rescaled metric of the BSSN equations,
which satisfies the simplifying condition det ¥ = 1, and so certain regularised terms involving
the inversion of the metric will differ from the expressions obtained for the BSSN equations.

We start with a brief summary of the techniques and the main assumptions we will use to
regularise expressions:

A.1. Regularity

We require all tensor components and their derivatives to be regular when expressed in
Cartesian coordinates. Under transformation to spherical coordinates this implies that ten-
sors containing an odd (even) number of radial indices, i.e. z indices in our notation, contain
exclusively odd (even) powers of z in a series expansion around z = 0. Using such a series
expansion enables us to trade divisions by z for derivatives with respect to z. For example, for
the z component of a vector field V, we obtain

Ve az+a® + ...

= T T gt at . Ea £ 0V (A1)
Z Z

where we have introduced the symbol Z to denote equality in the limit z — 0.

A.2. Absence of conical singularities

We require that the spacetime contain no conical singularity at the origin z=0.
For the implications of this condition, we consider the coordinate transformation
from (xf,z, wit!, . wa . wP" ) to (xf, pow L wi o, wet L wP =1 As no other
w?, b= a, coordinates will enter into this discussion we shall refer to w® as w. In these

coordinates we have that

2 2
< w w
oo = ?’Yzz + 2?7114/ + ?FYWW’ (A2)
Yo = Wz’yzz - 2WZ’7zw + ZZ’VWW’ (A.3)

and the line element for vanishing dx’ = 0and dw? = 0,b = a, is given by

ds? = %pdpz + 'ywdgoz. (A4)
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Requiring the circumference to be the radius times 27, we have that -y, , = pzyp - Substituting
the above expressions and taking the limit z — 0, we obtain

Yoz ™ Yow = O(Zz)' (A.5)

Taking the time derivative of this relation and using the definition of the extrinsic curvature,

we find that likewise

Ko — Ky = 0. (A.6)

A.3. Inverse metric

Various terms that we need to address contain factors of the inverse metric " In the practical
regularisation procedure, these terms are conveniently handled by expressing v¥ in terms of
the downstairs metric components ; and +,,, which are the fields we evolve numerically. We
know the metric takes the following form:

V! Vagtt Ve | O 0 0
e e e 00 0
W= %‘1 7”6'71 751 vjw 8 g : (A7)
0 0 0 [0 4, .. 0
o T alh el

and we shall denote the upper left quadrant by the matrix M;;. For simplicity, we will use the
index i to denote x' in this section, so e.g. cofactors G = C,1,2 and G, = C,u.. Similarly the
indices i, j, ... will stand for the x', i.e. include the z component.

We can now write the cofactor of an element in the top left quadrant of ;, as

Cj= (=D det(Mi=j.1=i)

where 7 = D — d — 1 and the notation det(Myi-j -)) denotes the determinant of the matrix
obtained by crossing out the jth row and ith column of Mj,. Likewise, we may add further
inequalities inside the braces to denote matrices obtained by crossing out more than one row
and column. We can then use this expression for Cj; and the determinant of the right hand side
of equation (A.7),

(A.8)

dety,; =/ det %

Ly . detMuiez =), (A.9)
in order to obtain expressions for inverse metric components according to
e L (A.10)
det vy, ’

For d = 3, this procedure starts from the spatial metric
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Yoo Ny Ve 0
’ny fyyy 7)72 0 0
0 0
Ny = T My Vz (A.11)
0 0 O0|~v, - O
0 0 00 - 7.
The components Cj; of the cofactor matrix (which is symmetric) are given by
Cu = ’ylw(’yyy’yzz - ’szz)’ CX.V = 77314;(7}/):711 - ’yu’yyz)’ Ce = /VZ;W(’V)W’YZ,V B ’Vz/\t’yyy)’
Co =7 hele = Vo Crz= =Vl — Vo)
Ceo = V0l — Vo) (A.12)
the determinant becomes
2 2 2
ety = Y1 Ohe My e T 2% %Yy = Ve Ve = Yoy Ve = Ve Vo)
* 2
= ’Ygzwﬂyzz(fyxx’yyy — ’ny)’ (A.13)

and the inverse metric follows by inserting these into equation (A.10).

Using these techniques, we can regularise all terms in equations (4.11), (4.12), (4.15), (4.21)
and (4.29) that contain divisions by z. It turns out to be convenient to combine the individual
terms into the following six expressions.

(H
612 - ’yZi’yww
Z

We express ¥ in terms of the metric, and trade divisions by z for derivatives 9, and obtain

i i d—1 S e, 2
8, — % > L (=D ——0 A det(My .; 5 ifi=1i
z Y waw é j= ]( ) det an Z,yz; ( ki{k=1,k=z,1=z,1=] }) (A14)

: 0 ifi=z

For the d = 3 case this reduces to

’Yyyazf}/xz - nyzaz'-YyZ ifi - x
i ; Yo Vyy — Yy
612 - ’YU’YWW >k e ?
1% % (A15)
z = ifi=y
,yxx’}/yy - ,yxy
L0 ifi=z
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2)
Oz = 6iz0/ Vs Yie = O Yy

8i’>/]'z - 6jzai7va ryjz - (5./.Z’YWW
+ - 6]2 Z2

— Uiz
22 Z

z
Here we simply trade divisions by z for 0, and obtain

alfyjz - 5jzai7ww _5 Ve — 6JZ7WW " a/fyiz - 6izaﬂ/ww s iz — 5iz7ww
iz B Jz 2
Z Z Z Z
200375y ifi=1i,j=j
* AT ~ ~ A.16
£30 if (i) = (F,2) or (z.))- (4.16)

azaz(’}/zz - fyww) ifi :] =2z

3)

1 az’}/ij 6z(i7j)z - 5iz6jz7ww
—_— _|_ >
2z z
We use 7, — 7, = O(z%) and trade a division by z for a z derivative. The result is
1 e 8 L%
—58181%7 ifi=i,j=j
107 | 8ahe = 8idion « e » 2
5 T - = =40 if (i.j) = (i, 2) or (z.])- (A.17)

—%azaﬂww ifimj—z

4)
Yo J 8j Ywow
Z

Using equations (A.7)—-(A.10), we express the inverse metric components y¥ in terms of
the downstairs metric and trade the division by z for a z derivative. We thus obtain

Y aJ’yww x el o1 Tww
N " 05 ~det(M,,,_+ .
< jzlmzl( ) de t(M ) j’yww Z%m ( kl{k¢J»k¢Z,l¢z,l¢m})
oo At Mg ez 2 1
Vo dCM k22,1 Z})aaﬂ’ww A18)
det(M,,)

which in the case d = 3 reduces to

'VWW'YZjaj'YWW * (’Vyxazfyzy - ’Yyyazryzx)axfyww + (Vyxazfyzx - ’Yxxazryyz)ayfyww
- 2

z ’YJQC’)/yy - 'y xy
+ aZ aZ’wa .

(A.19)

(5)
VYo = Yo
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The regularisation of this term proceeds in analogy to that of term (9) in appendix B of
[83], except we do not set dety = 1. By rewriting 1 = y%/y% = y*det v;,/C,, trading

divisions by z for z derivatives and using 7, = ,,, + O(z%), we obtain

VER = Y 5 1
2 = EaZaZ(,wa - ’}/ZZ)

z
_—d-1 {+im—
B Z?:l] Y= laz’Yzfaz’erh det(Mkl{k:ﬁf,kzz,lzz,l:trﬁ}) . (A20)
det(Myy(k=z,i2))
which in the case d = 3 reduces to
2
T — N 1
%WW x Eazaz(fyww -7,
z
N —2%,0:%,.0:%,, + vxx(c?ﬂ;z)Z + Y, (0, | A21)
’Y)cx’}/yy - ’y.)(y
(6)
Kiz - 6iszw
z

The division by z is again traded for a derivative if i=z and for i =z, we use
K. = Ky + O(Zz), so that

(A.22)

K. — 6K  JOK;,  ifi=1
z 0 ifi =z

Appendix B. Normalisation of the spatial normal frame vectors

In this section, we discuss how the set of spatial normal frame vectors, equation (4.38), can
be recast in a form suitable for applying Gram—Schmidt orthonormalisation. It turns out to be
convenient to first rescale the 7,y such that they would acquire unit length in a flat spacetime
with spatial metric ;. Denoting these rescaled vectors with a caret, we have

0
(a—2) x
0
D—1 N2
— w
gy = 2™ ,a=2,...D—1. (B.1)
\/(DEIWZ)( Dil wz) W= Ly
s=a s=a—1 Waflz bos (D _ a) X
wo— D=1
Recall that we formally set wl=xl ..., wi 1=x9"1 wd =7 As a convenient shorthand, we
define
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D—1
TEDIE (B.2)
s=1

so that, for instance, p12 =r2 pi =W+ ...+ WP Pp_1= wP~1 This definition allows
us to write

0
Corla—2) %
0
2
A 1 _p(y
iy = ——— : (B.3)
Po Pa—1] w @
: D — a) x
W071WD72 ( )
wo—lyyD—1

We can now express the angles ¢ in terms of the radial variables p,,

a—1

sin ¢ = &, cos ¢ = (B.4)
Pa—1 Pa—1
Using these relations in (B.3), we obtain
0
(a—2) x 0
0 Cra—2) x
— sin ¢ 0
ﬁl(la) = cos ¢ cos ¢ t! = - si'n o ,
cos ¢ sin ¢ *! cos ¢ 2 '
: cos qb“(Hji:;ll sin ¢S) cos ¢t
cos ¢ sin ! ... sin P2 cos pP ! :
cos ¢ sin ¢! ... sin P2 sin pP !
(B.5)
wheren = 1, ..., D — a, and we formally set cos ?~'= 1 and [[—o, sing*=1

Now, in our computational domain p’é +1 =0, which, from the definition of our coordinate
system in equation (2.8) gives

r2sin? ¢? ... sin?@? Tl =0 (B.6)

Since ¢, ..., ¢ are arbitrary in our computational domain, we must have either p¢*! = 0 or 7.
Without loss of generality, we choose c;Sd“ = (0, which fixes the d — 1 vectors

d
) = (—sin¢?, cos ¢? cos ¢?, ..., cos ¢* [ ] sin(¢*), O, ..., 0). (B.7)
5=3 D—d—1)x
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d
i = (0, ..., 0, —sin¢%, cos g cos ¢+, ..., cos ¢ [] (sing*), 0, ..., 0) (B.8)
(G—2)x s=a+1 (D—d—1)x
A _ o d d
gy = (0, ..., 0, —sing?, cos¢’, 0, ..., 0), (B.9)
(d-2)x (D—d—1)x

which, up to rescaling by p,p,_;, are equal to the vectors in equations (4.40)—(4.42). For
the remaining vectors, we can use the rotational freedom in the angles ¢¢*2, ..., #”~1. Any
choice for these values will satisfy w?*! = ... = wP~! = 0 as required on our computational
domain and we merely need to ensure that we choose these angles such that the resulting set

of vectors is orthogonal. This is most conveniently achieved by setting

= =91 =0, (B.10)
which, inserted into equation (B.5), implies

Mgy =64 a=d+1,...,D—1. (B.11)

Combined with equations (B.7)—(B.9) and restoring the tilde in place of the caret on the 7y,
we have recovered equations (4.43) and (4.44) in section 4.2 for the angular vectors. For the
case d = 3 we have just two non-trivial vectors:

PP 2 3 2 gin @3
M) = (= sin ¢, cos ¢~ cos ¢”, cos ¢” sin¢”, 0, ..., 0), (B.12)
(D—-4)x
N 3 3
mey = (0, sm(b B COS¢ 5 0» [RRE) 0)’ (B13)
(D-4)x

recovering equations (4.46)—(4.50).
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