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Numerical simulations with a first-order BSSN formulation of Einstein’s field equations

J. David Brown,' Peter Diener,” Scott E. Field,® Jan S. Hesthaven,* Frank Herrmann,® Abdul H. Mroué,>®
Olivier Sarbach,” Erik Schnetter,®?? Manuel Tiglio,3 and Michael Wagman]0

'Department of Physics, North Carolina State University, Raleigh, North Carolina 27695, USA
*Center for Computation & Technology, Department of Physics & Astronomy, Louisiana State University,
Baton Rouge, Louisiana 70803, USA
3Department of Physics, Maryland Center for Fundamental Physics, Joint Space Science Institute, Center for Scientific Computation
and Mathematical Modeling, University of Maryland, College Park, Maryland 20742, USA
“Division of Applied Mathematics, Brown University, Providence, Rhode Island 02912, USA
>Canadian Institute for Theoretical Astrophysics, 60 St. George Street, University of Toronto, Toronto, ON M5S 3HS, Canada
®Center for Radiophysics and Space Research, Cornell University, Ithaca, New York, 14853, USA
Instituto de Fisica y Matemdticas, Universidad Michoacana de San Nicolds de Hidalgo,
Edificio C-3, Ciudad Universitaria, 58040 Morelia, Michoacdn, México
8Perimeter Institute for Theoretical Physics, Waterloo, ON N2L 2Y5, Canada
’Department of Physics, University of Guelph, Guelph, ON N1G 2WI, Canada
10Department of Physics, Brown University, Providence, Rhode Island 02912, USA
(Received 31 December 2011; published 2 April 2012)

We present a new fully first-order strongly hyperbolic representation of the Baumgarte-Shapiro-
Shibata-Nakamura formulation of Einstein’s equations with optional constraint damping terms. We
describe the characteristic fields of the system, discuss its hyperbolicity properties, and present two
numerical implementations and simulations: one using finite differences, adaptive mesh refinement, and,
in particular, binary black holes, and another one using the discontinuous Galerkin method in spherical
symmetry. The results of this paper constitute a first step in an effort to combine the robustness of
Baumgarte-Shapiro-Shibata-Nakamura evolutions with very high accuracy numerical techniques, such as
spectral collocation multidomain or discontinuous Galerkin methods.
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I. INTRODUCTION

Complete, long-term numerical simulations of the in-
spiral, merger, and ringdown of two black holes became
possible a few years ago [1-3] and are now carried out by
numerous groups; see [4—6] for recent reviews on the topic.
One of the motivations for studying the dynamics of these
inspiraling compact binaries is due to the fact that they are
among the most promising sources of gravitational waves
for the upcoming advanced network of earth-based laser
interferometric detectors [7]. Moreover, with (and only
with) modeling of enough accuracy, these detectors should
be able to extract from the waves physical data about these
sources such as the component masses and spins.

Until a few years ago, such simulations were plagued by
short-term instabilities. With full, long, and stable simula-
tions now being carried out systematically, development
efforts have focused on efficiency and accuracy, better
boundary conditions (see [8] for a review), and wave ex-
traction methods (see, for example, [9—12] and references
therein), all of which are especially important for many-
orbit evolutions, such as those needed to make comparisons
with post-Newtonian models, and calibration or fitting of
semianalytical or phenomenological models [13-33].
We consider here only solutions of the vacuum Einstein
equations, and intentionally ignore the much larger and
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astrophysically probably even more interesting case where
matter, radiation, or electromagnetic fields are present.
Most, if not all, numerical simulations of binary black
holes currently use one of two formulations of the Einstein
equations. One of them is the generalized harmonic sys-
tem, which has been successfully implemented in binary
black holes simulations using finite difference adaptive
mesh refinement (AMR) [4], pseudospectral collocation
codes (see, for example, [34-38] and references therein),
and multidomain finite differences [39], in a first order in
time and second order in space formulation [40] in the
AMR case, and a fully first-order reduction [41] otherwise.
In either case, the key ingredient is a constraint damping
mechanism [42], originally proposed in [43] (in that refer-
ence referred to as A-systems because they were first
introduced as Lagrange multipliers). The other one is the
Baumgarte-Shapiro-Shibata-Nakamura (BSSN) system
[44,45], which has been implemented by many groups
using finite difference codes in a first order in time, second
order in space form (see [5] for a review)—we refer to this
as simply BSSN or second-order BSSN (as opposed to our
fully first-order reduction, to which we will refer as
FOBSSN). Some variant of the “standard gauge” condi-
tions for the BSSN formulation, consisting of 1 + log
slicing or generalizations thereof and the so-called
Gamma-driver shift [46] condition are, more often than
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not, used. The hyperbolicity of BSSN with a generalization
of these gauge conditions was studied in Refs. [47,48].

While the Einstein equations are fundamentally a
second-order system, many advanced numerical techniques
for hyperbolic systems—such as multidomain high-order
finite difference, spectral collocation, and discontinuous
Galerkin methods—are well developed for first-order hy-
perbolic systems. At the same time, the standard second
order in space BSSN system with the standard gauge con-
ditions has shown remarkably robust properties in a variety
of compact binary configurations. One wonders, then, if it is
possible to combine some of the numerical techniques that
are often used for very high accuracy simulations of hyper-
bolic differential equations with the BSSN system.

One recent approach has been to adapt advanced tech-
niques for fully first-order systems to second order in space
ones [49-53]. Perhaps paradoxically, it appears to be more
difficult to guarantee stability for naturally second-order
systems than for first-order reductions of them, though
progress is being made on this front (see, for example,
[52,54,55]). Another approach is to rewrite the Einstein
equations as a fully first-order hyperbolic system. In this
paper, we explore the latter and we refer to our first-order
reduction of BSSN as FOBSSN.

This paper is organized as follows. Section Il reviews the
BSSN system in covariant form. The first-order reduction is
carried out in Sec. III, where we also show that FOBSSN is
strongly hyperbolic under suitable conditions on the gauge
parameters, and discuss the propagation of the constraints.
Section IV summarizes some of our results from numerical
simulations of binary black holes using FOBSSN and adap-
tive mesh refinement and finite differences, and a multi-
domain nodal discontinuous Galerkin scheme in spherical
symmetry. When appropriate, we compare results from
our FOBSSN simulations to simulations using BSSN in
its standard form. A preliminary look at turduckening
[56-58] for a polynomial/spectral Galerkin method is pre-
sented in the context of the spherically reduced FOBSSN
system. Appendices collect further details on the covariant
BSSN system as well as expressions for the fundamental
fields in terms of characteristic variables.

II. REVIEW OF THE BSSN SYSTEM

We briefly review the second-order form of BSSN
[44,45] with moving-puncture gauge conditions. Here,
we follow the approach of Ref. [59], which is spatially
covariant (but not fully space-time covariant). The spatial
metric and extrinsic curvature are denoted 7y;; and K;
respectively. These are replaced by the BSSN variables

Jo

¢ = In(y/7), (la)
K= ')’inij, (Ib)
¥ij = e Py (Ic)
Ay = e *(K;; — 1y;K), (1d)
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where 7 is the determinant of ;; and 7y is a fiducial scalar
density of weight 2 which remains to be specified. Also,
K = yK;; is the trace of the extrinsic curvature. The
variable ¥;; is the conformal metric, ¢ is the conformal
factor, and A, ; 1s the conformally rescaled, trace-free part
of the extrinsic curvature. (In addition to this “¢”” variant
of BSSN, there exist also the W and y variants where
the variable ¢ is replaced by W = (y/7)"'/¢ or y =
(v/7)~'/3, respectively.) These variables are restricted by
the algebraic conditions

y=%  ¥4;=0 2)
where ¥ is the determinant of ¥; j.l The BSSN system also
includes the *“‘conformal connection vector”

Ai = §FATT, 3)

as independent variables, and we have defined ATY k=
f"'jk —T jk- Here, f"'jk are the Christoffel symbols built
from the conformal metric and I"? jk 1s a fiducial connection.
In this covariant language, the BSSN variables are tensors
with no density weights. In particular, ¢ is a scalar and Al
is a contravariant vector.

It is often convenient to consider the fiducial connection
I jk to be constructed from a “fiducial metric” 7;; whose
determinant is 7. We stress that the fiducial fields are not
dynamical variables. They are freely chosen functions,
required by covariance. Throughout the main body of the
paper, we assume that the fiducial connection is built from
a flat, time-independent metric y;; whose determinant is 7.
If the coordinates are interpreted as Cartesian, then y;; =
diag(1, 1, 1). In this case, ¥ = 1 and fijk = 0. The vector
A’ then reduces to the conformal connection functions
M= f"'jki//'k and Eqgs. (4a)—(4e) below reduce to the usual
second-order BSSN system.

The evolution equations for the BSSN variables are

d,¢d = éﬁ,ﬁi — %aK, (4a)
31 ¥ = —37,;DiB* — 2a4,;, (4b)
91K = a(A;AY + 1K?) — yD,D;a, (4c)

6J_A,~j = _%Aijﬁkﬂk + a(KA,J - 2AlkA~§)
+ 674¢[aRl'j - Dl'Dja]TF, (4d)

a A = yD,Dp + %ijAfijkﬁe,B’(

+ %Dl(ﬁkﬁk) - 2Aik5k6¥ + ZaAk(Afik(

+ 12aA*Dy¢p — 2aD'K, (4e)
where a is the lapse function and B’ is the shift

vector. Also, the time derivative operator is defined by
0, =9, — L, where L5 is the Lie derivative with

"Note that we use both 4 and ¥ in our notation.
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respect to the shift. Next, D;, D;, and D; are the covariant
derivatives built from the physical metric, conformal met-
ric, and fiducial metric, respectively, and D;D;a =
D;D;a — AT};Dycx. Finally, in Eq. (4d), TF denotes the
trace-free part of the expression in brackets.

The Ricci tensor can be written as a sum of two terms,

R =R+ R}, 5)
The Ricci tensor for the conformal metric is
R;; = —19%D,Dy,;; + 7’1{(1‘5/')]\1{ + 71'"Afk1mAf(ij)k
+ FH2AT" (AT )0 + AT AT, (], (6)
and the term R?} is defined by
+4D;¢D;p —47;,D'$D;¢p. (7)

All tensors with a tilde have their indices raised and
lowered with the conformal metric ¥;;. Details of the
derivation of the equations of motion (4) are contained in
Appendix A.

In addition to the algebraic constraints, solutions to the
second-order BSSN system must satisfy a set of differen-
tial constraints stemming from the 3 + 1 decomposition
(Hamiltonian and momentum constraints) and definition of
the conformal connection vector. Expressed in terms of the
evolved variables, these are given by

H = e (R — 8DD; — 8D'$D;p) + 2K

- A”AU = O, (83)
M' = DAV + 6A179;¢ —2D'K = 0, (8b)
G'= A" = y*AT) =0, (8¢c)

where R = 9"/R;;. Using the Bianchi identities and the
BSSN Egs. (4a)—(4e), one can derive a closed homogene-
ous evolution system for the constraint fields H, j/li, and
G'. This constraint evolution system can be written in first-
order symmetric hyperbolic form [47,58,60,61]. Therefore,
if the initial data satisfies the constraints, then the con-
straints will be preserved for all times as long as suitable
boundary conditions are provided. Constraint-preserving
boundary conditions for the BSSN system have been dis-
cussed in Refs. [60,61].

Black hole evolutions with the second-order BSSN sys-
tem are typically carried out using the moving-puncture
gauge conditions consisting of 1 + log slicing and
Gamma-driver shift. In this paper, we consider the general
Bona-Masso slicing condition [62], written in the form [47]

dpa=—a’f(a, P)K + S, ()]

where f(a, ¢) is an arbitrary positive function of the lapse
« and the conformal factor ¢. The source term S, is a
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function of the spatial coordinates. For 1 + log slicing,
fla, ) =2/a and S, = 0.
The shift condition considered in this paper is a general-
ization of the Gamma-driver shift, written as [47]
908" = a*G(a, ¢p)B + Siﬁ,
goBi = 674¢H(a, d))goj\l - T]Bl + S;;

(10a)
(10b)

Here, B’ is an auxiliary field and the time derivative
operator is defined by dy = 9, — B/D;. The functions G
and H depend on the lapse « and conformal factor ¢. The
source terms Si, and S% are functions of the spatial coor-
dinates. The standard choices for the Gamma-driver shift
condition are G(a, ¢) = 3/(4a?), H(a, ¢p) = e*?, S;a' =

= 0,and n = 3/(4M), where M is the Arnowitt-Deser-
Misner (ADM) mass of the system or another relevant
mass scale. (If different regions of the domain have differ-
ent mass scales, e.g. for binary black hole systems with a
large mass ratio, then 1 may vary in space [63,64].)

III. FIRST-ORDER BSSN

A. Evolution system

The BSSN system as described above contains second-
order derivatives in space acting on the variables a, B¢, ¢,
and ;;. To write the system in fully first-order form, we
introduce the new variables

a; = D;a, (11a)
/= Dip’, (11b)
¢: = D;¢, (11c)
7~’kij = 5k3~’i] (11d)
These definitions yield the associated constraints
A, =a;,—D;a =0, (12a)
fBl_j = ,3,-/ —- DB =0, (12b)
Ci=¢;,—Dip =0, (12¢)
Dyij = ¥1ij — Di¥ij = 0. (12d)

Observe that the derivative D, applied to the algebraic
constraint y = % yields the condition

¥ % = 0. (13)

This is a new algebraic constraint that the first-order BSSN
variables must satisfy, along with the algebraic constraints
(2) inherited from second-order BSSN.

The evolution equations for the new variables are ob-
tained by computing their time derivatives using the
second-order BSSN Egs. (4a) and (4b) and gauge condi-
tions (9) and (10a). In carrying out these calculations, we
continue to assume that the fiducial metric is flat and time
independent. The complete system of first-order equations,
the FOBSSN system, can be conveniently split into gauge
and nongauge sectors. The gauge sector is
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dpa = —a’fK+ S, (14a)
50&1' = —azf(")iK - ZfaalK - az[faa,- + f¢¢1]K

+ ﬁl/aj + EiSoz - Kaﬂi, (14b)
G0/ = a’GB’ + S, (14¢)

3B/ = a*’GD;B’ + 2Gaa;B’ + a*[G,a; + G4¢;]1B’
+ BB + DS} — kP B, (14e)

K = —e **YI[D;a; + 2¢;a;] + a(ATA;; + 1K?).
(14f)

Here, subscripts a and ¢ on the functions f and G denote
partial derivatives. Note that terms proportional to the
constraints A; and B,/ have been added to the right-
hand sides of the evolution equations for «; and B,/. The
corresponding proportionality constants are «% and «”.
These terms can be used as a damping mechanism for
any numerical violation of the constraints A; = 0 and
B =0,

The remaining evolution equations, which comprise the
nongauge sector, are

o

_ 1
dod=—cK+2B" (15a)
dopi=—saD;K +¢D:B* —ta:K + B/ — k?C,
(15b)
Vi = _2aAij +27k(i:8j)k_%'?ij:8kk) (15¢)

5OA~ij = e74¢[a1§l~j - 2C¥5(,¢1) + 4a¢ld)l
_B(Zaj) + Arkl](2a¢k + ak) +4a(1¢1)]TF
+ CYKAIJ - 2aA,-kAkj + 2Ak(tﬁ])k - %Aijﬁkky

(15d)
oY= —2aDA;; + Z(Bkﬁ(ie)';’j)€ —2y,.D;B,*
=200 A+ B Ve + 25’k€(iﬁj)€
—25,B," — K Dyj, (15e)

oA = VDB, +iD' B+ oy (D;BF — bkﬁjk)
—4aD'K — AT, 57%B,/ + 2AT ;574 B, ¢
—2AUa; + 2a(AT (AM + 641 ). (15f)
Here, we have defined
AT = W Frej + Verj — Ve
R, = —"Dyy; + ')7k(i5j)]\k + 7€mAf]EmAf(ij)k
+ AT (AT ), + AT 4 AT, ],
which follow from the definition of the Christoffel symbols
and the identity (6) for the Ricci tensor. In the evolution

equations for ¢; and ¥y;;, the constraints C; and D,;; are
subtracted with constants k% and k. These terms are
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included as damping mechanisms for these constraints, in
analogy with «® and «”. The term proportional to the
constant ¢ in the evolution equation for Al Eq. (15f), is
equal to the constraint 277“5[1'3% = 0. This term is
needed to make the evolution system strongly hyperbolic,
as discussed below.

B. Constraint propagation

The FOBSSN system is subject to the algebraic
constraints ¥ —y =0, Al=§YA;=0, and ¥, =
¥/ ¥kij = 0. As discussed in the next section, our numeri-
cal codes enforce some but not all of these constraints.
If the algebraic constraints are not enforced, but free
to evolve, the first-order BSSN evolution equations
(15¢c)—(15e) imply

3y In(y/7) = —2aA4, (16a)

oAl = aKA (16b)
goi/kii = —2a5k14§ - 2akA§ + Bkli}(ji

+ 2(114[/@/(,7 - K)/,?ij Dkij' (16C)

It follows from Eq. (16b) that A’ is zero along an integral
curve ¢ of 9y = 9, — B/D; if it is zero at some point on this
curve. Therefore, if all integral curves c¢ intersect the initial
surface, it is sufficient to require A} = 0 on this surface in
order to guarantee that the algebraic constraint Al = 0
holds at every time and everywhere on the computational
domain. On the other hand, if ¢ intersects the boundary
surface and at the intersection the shift vector is outward
pointing, then A = 0 needs to be enforced as a boundary
condition in order to guarantee the satisfaction of the
algebraic constraint Al = 0. If this constraint holds, it
follows by a similar argument from Eq. (16a) that the
determinant constraint ¥ = 7 holds if it is satisfied initially
and suitable boundary conditions are specified in case 3¥ is
outward pointing at the boundary. Equations (16a) and
(16b) also show that it is consistent to enforce the algebraic
constraints ¥ = % and A} = 0 throughout evolution, as is
the case for the second-order BSSN system.

On the other hand, it does not follow immediately from
Eq. (16¢) and suitable initial and boundary conditions that
the trace constraint ¥,;/ = 0 holds, unless the term AVD;;
is zero.” This means that the propagation of the algebraic

trace constraint y,;' = 0 is coupled to those of the con-
straints A; =0, B/ = 0,C; = 0, and Dy;; = 0, and one
cannot consistently enforce ¥,, = 0 along with the other

algebraic constraints unless AV D;;; = 0.
Alternatively, it is possible to decouple the algebraic
constraints from the remaining ones by adding the term

*Notice that ¥/ Dy;; = ¥,/ — Dy In(¥/7) so this term can be
expressed in terms of the algebraic constraints.
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2 . < K
- ?YUAI Dy + ?%‘ﬂ’l "Dieim (17)
to the right-hand side of Eq. (15e), which has the same

effect as the replacements
DiA;;—DA;; — 17,9 DA, + 17, [D(Am) + A" §,,,]
and

D ij = Duij — 37,7 Diam

in that equation. With this, the last two terms on the right-
hand side of Eq. (16¢c) drop, and one obtains a closed,
homogeneous evolution system for the algebraic con-
straints. Therefore, it is consistent to set the algebraic
constraints to zero even if Dy;; # 0.

We now consider the constraints A; =0, B,/ =0,
C; =0, and Dy;; = 0 that were introduced in the reduction
of BSSN to first order. The evolution equations imply that
the constraint fields A;, B/, C;, and Dy;; satisfy the
following linear, homogeneous system of equations:

50.54.1' = —ZafKﬂ, - azKUa./’zl,- + f¢C,]

+ (5“8])‘/,2\] + a]fBlf - Ka.ﬂl', (183.)
+ (D,8YBJ + BB — kB, (18b)
_ K . .
doC; = _gﬂi + (D;B)C; + ¢;B7 — k?C;, (18¢)
9 Dyi; = —24;; A, + (DyB)Dyij + 74 B,
+ 2Dk(f(iﬂj)€ —2D,iB," — K" Dy (18d)

[The term in Eq. (17) has to be added to the right-hand side
of the last equation in case Eq. (15¢e) is modified in the way
described above.]

Here, we have set the source terms S,, S%, and S} to
zero for simplicity but without loss of generality with
respect to the main conclusions. If the shift is not outward
pointing at the boundaries, and the initial data is chosen
such that A; =0, B/ =0, C; =0, and Dy,;; = 0, then
these results show that a solution to the first-order BSSN
evolution equations will automatically satisfy these con-
straints for all times. It follows that such a solution will
also satisfy the original second-order BSSN system. If the
shift is outward pointing at a boundary, additional bound-
ary conditions need to be specified in order to ensure
that these constraints propagate, see the discussion below
Eq. (16).

On the other hand, numerical errors can trigger small
violations of the constraints and these violations might
grow in time. We can use the parameters « to help insure
that the constraints are damped. As we show in the next
subsection, k? = 0 is required for strong hyperbolicity, so
let us consider k¢ = 0 here as well. Now, observe that
with the standard gauge conditions the functions f and G
are independent of ¢. In this case, the first two equations,
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Egs. (18a) and (18b), decouple from the last two. With «“
and «? sufficiently large, A; and B,/ should be damped.
Next, observe that the fourth equation, Eq. (18d), is inde-
pendent of C;. Assuming A; and B,/ are damped, the
constraint D, should remain damped for sufficiently
large constant k7.

Finally, consider Eq. (18c) with k® = 0. With the con-
straints A; and B,/ vanishing, this equation reduces to
0,C; = LgC;, where L is the Lie derivative along the shift
vector. It follows that the time evolution for C; is simply a
spatial diffeomorphism defined by the shift 8. If initially
the tensor components C; are given small nonzero values
due to numerical error, these errors should stay small as long
as the spatial coordinates remain well behaved.

C. Hyperbolicity

The evolution equations (14) and (15) form a quasilinear
first-order system,

du=Au)ou + F(u), (19)

where the matrices A!, A%, A3, and F depend smoothly on
the state vector u = (a, a;, B/, B/, B/, K, ¢, bi, ¥:j, Ayj,
Viijy A'). Such systems possess a local in time well-posed
Cauchy problem if they are strongly hyperbolic, meaning
that for each constant state vector # in an appropriate open
neighborhood and each normalized covector n; there exists
a symmetric, positive definite matrix H(u, n), depending
smoothly on # and n;, such that H (i, n)A(it)'n; is symmet-
ric. The motivation for this definition stems from the
principle of frozen coefficients [65] in which the system
(19) is first linearized about some smooth solution u, and
then its coefficients are frozen at a specific point p of the
space-time manifold. Denoting by # = u(p) the constant
field that is obtained by freezing u at p, and by v the
linearization of u, the system (19) is then replaced by the
linear, constant coefficient problem

dv=Awov+ F, (20)

with F some constant vector. When F = 0, this system
describes the evolution of small-amplitude, high-frequency
perturbations of the quasilinear system (19). Therefore, it
is clear that a necessary condition for the well-posedness of
the Cauchy problem for Eq. (19) is that the principal
parts of all frozen coefficient problems, i.e. Eq. (20) with
F =0, lead to well-posed Cauchy problems. This
turns out to be the case if and only if there exists a
symmetric, positive definite matrix H(u, n) such that
H(u, n)A(tt)'n; is symmetric [65]. Provided H(u, n) de-
pends smoothly on u and n, the principle of frozen coef-
ficients asserts that this is also a sufficient condition for the
local in time well-posedness of the quasilinear problem
[65,66].
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“symmetrizer” matrix H (i, n)
implies, in particular, that the principal symbol A(u, n) :=
A(u)'n; is diagonalizable and has a real spectrum for each
1 and n. Once this necessary condition has been verified,
the symmetrizer H (i, n) can be constructed by diagonal-
izing A(u, n) = S(u, n)A(u, n)S(u, n)~' with A, n) a
real, diagonal matrix, and then setting H(u, n) :=
(S, n)"HTS(u, n)~"'. If S(ut, n)~! depends smoothly on
u and n, this yields the required symmetrizer. The rows of
S(u, n)~'u are the characteristic fields of the system (19),
and the diagonal entries of A(u, n) are the corresponding
characteristic speeds.

In our system (14) and (15), the principle part naturally
splits into two blocks, one of them, the “gauge block,”
comes from the evolution equations (14) for the 20 inde-
pendent variables a, «;, 8/, B/, B/, and K, and the other
block, the “nongauge block,” comes from the evolution
equations (15) for the remaining variables. We first analyze
the gauge block which is decoupled from the remaining
block. Let us choose o = 1. Through the replacements
d, = w and d; — n;, we find that the eigenvalue problem
uv = A(u, n)v for this block reads

The existence of the

Bas as Bas Ban» & B,

G(+) =B, + 7,3/4 * _((BnA Ban)
a G

o

G(“+)—K—K—a+ a,,
a\f
. A .. 4H
G('B )_B +—:8n— o’yS:Brs_'_io
&G aG 32— f

Here, indices A and B refer to contraction with unit
vectors orthogonal to n', and we have set

= \/4G°I§ /3. The characteristic fields are well
defined and independent from each other as long as

A2 # f. This restriction on hyperbolicity, which is more
explicity written as

4G H + 3f, (23)

is also required for strong hyperbolicity in the second-order
BSSN system [47].

The eigenvalue problem uv = A(i, n)v for the non-
gauge block is given by

PHYSICAL REVIEW D 85, 084004 (2012)

(1 —B,)a=0, (21a)
(k= Boa;= _&zfniK+ K'n;a, (21b)
(n=B.)B; =0, 21c)

o o 4 dav
(= B,)B; = H[an Bt n B —?an], (21d)
(n— ,én),Bij = C;2(0;”1'31‘ +1Pn; B,

(u—BIK=—a,

21e)
(211)

Here and in the following, the quantities «, ,8°i , qS Vi ; refer
to the frozen lapse, shift, conformal factor, and physical
metric, respectlvely Also, f fla, d)) with similar defi-
nitions for G and H. We assume that f G and H are
all positive. The covector n; is normalized such that
)"/"/'n,»n]: 1. An index n refers to contraction with n’ =
y"n;; for example, a, = n'a;. We have also used the
frozen physical metric to lower indices: 8; = )71-]-,8/ and
:8ij = ﬂik')c}kj-

The characteristic fields and speeds for the gauge block
are

m= B (22a)
w=B,*aVGH,  (22b)
w= B~ ayf, (22¢)
k*  _ 1 .
</\K ——Soaw an), m=pB,*ai (22d)
) aA
[

(= B)$=0, (24a)
(IL'L ﬂn)d)t I’l K+ I’l Bk + K¢Illd) (24b)
(n— ,Bn)7ij =0, (24¢)

. Q.
(= :811)Aij = _E[Ynij]TF
+ 674(1)[6;’”([2&}) - Z&n(,d)j) - n(,»aj)]TF,
(24d)
(1 = B Fuij = —26mA; +2e 0 n, By TP
+ Kynk')/ij, (246)
o~ 4 ' 4o
(M_lgn)AjZIan_Bjn+§nj:8k _?an, (241)
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where A, = e *?y,,A’. This block consists of 32 inde-
pendent variables: 1 variable ¢, 3 variables ¢;, 5 variables
¥ij (since ¥;; is the linearization of a metric with fixed
determinant), 5 variables A (since A is symmetric and

b, Zy= b, — lAnr b Vip Zi = HA, - B, Vaij
+ - 1 _ 1
V,E\B) = AAB - 2_7i\f - 4¢IB(AB) +35 ')’anB’
a
+ ~ Ky - 1
V,SZ) =A— E')’nA ¢,8A [’)’nnA —e (
+ ~ K” - P 2 _ _
V}s;) =Ay, — 2_ann + e 4¢BA35AB - ge 4¢K + [

where the superscript 7f refers to the trace-free fpart
in the transverse directions; for instance,
Ayp — %5AB5CDACD-

Provided the functions f, G, and H depend smoothly on
(a, @) and satisfy the restriction (23), a smooth symmetr-
izer H(it, n) can be constructed from the characteristic
fields as described at the beginning of this subsection.

In the analysis above, we have assumed that all the
algebraic constraints are identically satisfied, which
is consistent with the evolution equations after the mod-
ifications to Eq. (15e) described in Sec. [IIB.? If none
of the algebraic constraints are enforced, then Eq. (24)

(n = B)Y'9) =0, (n—BIYAy =0,
and (= B)(¥'Vuj) = m[—2a(yVA;) + (¥ 7)),
which is a weakly hyperbolic system. In order to obtain a
strongly hyperbolic system, one could enforce only the
trace constraint A;’ = 0 and replace Dy, ; by its trace-free
part over i in the right-hand side of Eq. (15¢). In this case,
¥79,; and y"¥,;; are characteristic fields with speeds

yields

m = [%n and one has to perform the replacements

Y un = 3(Fun — 37486%%)
and
Y wnn > 5Funn = 3¥nap )
in the expression for V,(ﬁ) in Eq. (25d).

IV. NUMERICAL EXPERIMENTS

Here, we summarize results of numerical experiments of
the first-order BSSN formulation described in the previous
sections, with different numerical approaches and codes,
from more traditional ones for which there is more expe-
rience (finite differences with adaptive mesh refinement),
to a promising approach that only recently is making its

*These modifications do not change the principal part of the
equations when the algebraic constraints hold.

1
2
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trace-free), 15 variables yy;; (since ¥;; is symmetric and
trace-free in i and j), and 3 variables A ;.

The nongauge block needs k? = 0 to be diagonalizable.
With k? = 0, the characteristic fields and speeds are

©= B (25a)

p=PB,t&  (25b)

— 2 - —aA)] w=p.td (25
o

?l‘li‘ll’l - %‘374&;(‘7\” - 2¢n)]r M= ﬁcn x d,f) (25d)

[

way into numerical relativity (discontinuous Galerkin fi-
nite elements, restricted here to spherical symmetry).

In more detail, our approach and summary of numerical
experiments with the FOBSSN formulation is in the fol-
lowing order:

(1) Section IVA: Two Apples-with-Apples tests [67], as
well as results from single and binary black hole
moving-puncture simulations using finite differ-
ences with AMR. Most of our simulations show no
signs of time or numerical instabilities. By time
stability in time-dependent problems, it is referred
to the numerical solution not growing at any fixed
resolution in time unless the exact solution does so.
Numerical stability refers to the property that at any
fixed time the errors in the numerical solution de-
crease with increasing resolution. In our simula-
tions, we have found the solution to be both time
and numerically stable.

The nonlinear gauge wave test with large amplitudes
shows a global time instability (yet not a numerical
one) that is expected; see [67]. This suggests that the
addition of the extra constraints present when en-
larging the system to a purely first-order formulation
does not trigger any obvious instability. The ex-
tracted gravitational waves are found to be consis-
tent with simulations done using the standard
second-order BSSN formulation. In addition, the
FOBSSN results are often more accurate than
BSSN results using the same resolution.

Section IV B: With the standard BSSN gauge con-
ditions, a nonrotating black hole is driven to the
trumpet solution [68]. However, this would require
either the moving-punctures technique [2,3] or the
turduckening one [56-58]. In the first case, the
equations become singular at the puncture locations,
which would be difficult to deal with using a very
high order method such as those motivating the
current paper. The turducken approach, on the other
hand, smooths the solution inside the black hole
while guaranteeing that the associated constraint

2
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violations do not ““leak’ to the exterior of the black
hole. As a first step in that direction, we test a
discontinuous Galerkin (dG) approach using the
FOBSSN system for black holes in spherical sym-
metry, first using excision.

(3) Section IV C: As a final step, we perform turducken
black hole dG simulations in spherical symmetry,
both using FOBSSN and the standard second-order
formulation. We are able to perform long-term and
stable evolutions with the standard second BSSN
formulation, but find numerical instabilities with
FOBSSN.

Discussions about all these experiments, their interpre-
tation, and proposed next steps are discussed in Sec. V.
Next, we provide a somewhat detailed summary of these
numerical experiments.

A. Finite differences

We have implemented the first-order system (14) and
(15) using the CACTUS framework [69,70], and employing
the CARPET AMR driver [71,72]. We used the
MATHEMATICA package KRANC [73,74] to expand the
FOBSSN equations to C code, in the same manner as
already for the MCLACHLAN code [58,75]. Both the
MATHEMATICA notebook as well as the resulting C code
will be made available for public download as part of the
Einstein Toolkit [76,77] under the name CARLILE.

Our implementation supports arbitrary finite differenc-
ing orders and time integration orders; below, we use
fourth-order accurate stencils and a fourth-order Runge-
Kutta time integrator. We use fifth-order Kreiss-Oliger
dissipation as well as fifth-order spatial interpolation at
AMR boundaries. We use buffer zones and tapered grids
[58] to avoid time interpolation at mesh refinement
boundaries. This makes all simulations fully fourth-order
convergent. The algebraic constraints YA, ;=0 and
77%;; =0 are enforced every time the state vector is
modified. However, ¥ = 1 =7 is not enforced, but is
nevertheless assumed to hold throughout the implementa-
tion. Our constraint damping and related parameter set-
tings are listed in Table I. We impose simple outgoing
radiation (Sommerfeld) boundary conditions on all fields.

TABLE I. Constraint damping and related parameter settings.
Code name Symbol  Eq. Value Comment
harmonicN a’f  (l4a) 1 (1 + log)
harmonicF a’f  (l4a) | 20 (1 + log)
ShiftGammaCoeff ~«>G  (14c) | 0.75 (standard choice)
BetaDriver n (14d) 1.0

DAlphaDriver K“ (14a) 1.0

DBetaDriver kP (l4e) | 1.0

DphiDriver Kk? (15a) 0.0 (not enforced)
DgtDriver KY (15e) 1.0

sigma o (15f) 1.0
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FIG. 1 (color online). Robust stability test comparing of BSSN
and FOBSSN. A cubic domain is initialized with Minkowski
data and a low level of noise in all variables, and then evolved
with periodic boundary conditions. This tests linear stability of
the formulation. The fact that the constraint violation decreases
indicates stability. Both BSSN and FOBSSN perform very
similarly here.

(a) Robust stability test. One of the most important and
most fundamental tests for a formulation of the
Einstein equations and its numerical implementa-
tion is a robust stability test, which can demonstrate
linear stability. The simulation domain is initialized
with Minkowski data plus a small amount of noise,
and then let to evolve freely [67]. Here, we use a
cubic domain with 40% grid points and periodic
boundary conditions, and a noise amplitude of A =
107 in all BSSN or FOBSSN variables. Figure 1
compares the performance of BSSN and FOBSSN,
and finds very similar behavior. In particular, the L,
norm of the Hamiltonian constraint decreases stead-
ily over time, indicating robust stability.

(b) Nonlinear gauge wave. A very demanding test is
evolving a nonlinear gauge wave. This is a fully
nonlinear solution of the Einstein equations where
the exact solution is known, as it is a flat space-time
in a complex, time-dependent coordinate system
[67]. Here, we use a one-dimensional domain with
40 X 1 X 1 grid points with periodic boundaries,
and evolve with the full three-dimensional formula-
tion. We test two cases, a large-amplitude (A = 0.1)
and a small-amplitude (A = 0.01), employing the
exp sin form of the gauge wave.

Figure 2 shows results from the large-amplitude
case. This is a very demanding case that is known
to go unstable quickly for many formulations of the
Einstein equations [67]. Here, we observe that both
the evolutions with BSSN and the FOBSSN formu-
lations break down; however, the FOBSSN evolu-
tion lasts for about twice as many crossing times.
We also observe that the breakdown mechanisms for
BSSN and FOBSSN are different—the BSSN result
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Nonlinear Gauge Wave, large amplitude (A=0.1)
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FIG. 2 (color online). Nonlinear gauge wave test, A = 0.1
(large amplitude), comparing of BSSN and FOBSSN. At r =
70 (35 crossing times), the BSSN solution has broken down
(become irregular) due to accumulation of numerical errors. The
FOBSSN breaks down much later, shortly after + = 120 (60
crossing times); at = 120, the FOBSSN solution is still regular,
and has only picked up a phase error and a global downward drift
in the metric.

develops high-frequency noise (depicted), while in
the FOBSSN result the metric drifts downward, i.e.
the proper size of the simulation domain decreases.
Figure 3 shows results from the small-amplitude
case. This is a less demanding case where most
formulations of the Einstein equations can perform
long-term evolutions [67]. After 100 crossing times,
both the BSSN and FOBSSN results look fine;
however, the BSSN result exhibits a much larger
upward drift in the metric.

(c) Single puncture black hole. A much more interesting
test of the FOBSSN formulation is evolving a punc-
ture black hole. Here, we choose a rotating puncture

Nonlinear Gauge Wave, small amplitude (A=0.01)
1.008 ; : |
""" exact
BSSN, t=200 «++see2+ 7
FOBSSN, t=200

1.006
1.004
1.002

1
0.998
0.996
0.994
0.992_1 L L L

gXX

FIG. 3 (color online). Nonlinear gauge wave test, A = 0.01
(small amplitude), comparing of BSSN and FOBSSN. At t =
200 (100 crossing times), both the BSSN and FOBSSN solutions
are still fine. However, the BSSN solution has begun to drift
upward much more than the FOBSSN solution.
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FIG. 4 (color online). Black hole total mass vs time for a single
puncture black hole with spin ¢ = 0.7, comparing the accuracy
of BSSN and FOBSSN. This is an initially nonstationary solu-
tion that evolves toward a trumpet solution. BSSN and FOBSSN
perform very similarly here, and, in particular, the moving-
puncture/turduckening approach to singularity handling seems
to work fine for FOBSSN.

with total mass M =1 and spin a = 0.7, set up
via the TWOPUNCTURES thorn [78]. These initial
conditions are conformally flat and contain some
gravitational radiation, and the black hole is ex-
pected to relax to a stationary state after some
time. In the figures below, we use a length unit M
that corresponds approximately to the ADM mass
of the system, which is Mpy = 1.00252M. The
black hole horizon has a coordinate radius of
approximately 0.376 initially and 0.766 at late
times.

We employ eight levels of mesh refinement in a
cubic domain, placing refinement boundaries at x =
[1,2,4,8,16,64,128]M, and placing the outer
boundary at 258.048M. The resolution on the finest
level, which encompasses the horizon at all times, is
h = 0.032M.

Figure 4 shows the total mass of the black hole as
calculated by the QUASILOCALMEASURES thorn [79].
After an initial transient lasting about 20M, the
space-time becomes manifestly stationary. The an-
gular momentum (not shown) remains approxi-
mately constant at J = 0.701 = 0.006M>. Figure 5
shows a snapshot of the Hamiltonian constraint
in this stationary state along the x axis at r=
76.8M. As expected, the constraint violation in-
creases toward the black hole. Both BSSN and
FOBSSN perform approximately the same except
near the outer boundary, where FOBSSN seems
superior.

(d) Inspiralling binary black holes. As a more advanced
test, we also evolve inspiralling binary black holes,
using the R/ configuration of [80,81]. This configu-
ration performs about 1.8 orbits prior to merger,
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Puncture Black Hole at t = 76.8M
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FIG. 5 (color online). Hamiltonian constraint violation along
the x axis at r=76.8M for a single puncture black hole,
comparing the accuracy of BSSN and FOBSSN. The constraint
violation increases toward the black hole (located at x = 0),
where the horizon has a coordinate radius of about r = 0.766M
at this time. The constraint violation near x = 100M is caused by
outer boundary effects. FOBSSN seems to perform slightly
better than BSSN in the bulk of the domain, and significantly
better near the outer boundary.

with a common apparent horizon first found at
roughly t = 160M, where the ADM mass Mapy =
0.966M sets the scale. The initial individual black
holes have masses M; = M, = 0.505M and have
no spin.

We use 9 levels of adaptive mesh refinement and
placed the outer boundary at 320M. The simulations
were performed at two resolutions of 7 = M/28.8
and h = M/38.4, where h denotes the grid spacing
on the finest grid, see also [80,81] for comparison.
We use fourth-order accurate finite differencing
stencils with lopsided stencils for advection terms
[82] and fourth-order Runge-Kutta time integration
with Berger-Oliger subcycling in time. We do not
employ tapered grids, using second-order time in-
terpolation where necessary on mesh refinement
boundaries.

Because of the larger number of constraints in the
first-order formulation, one would expect a better
accuracy in the second-order formulation for the
same number of grid points [83-86]. That seems
indeed to be the case here: we find that the
BSSN formulation allows us to use a lower resolu-
tion than the FOBSSN formulation to achieve time
stability.

Figure 6 shows the amplitude of the £ = 2, m = 2
mode of the Weyl scalar W,, extracted on a coor-
dinate sphere with radius r = 50M. The low-
resolution FOBSSN simulation is visibly different
from the other simulations at the peak of the ampli-
tude. However, the high-resolution FOBSSN simu-
lation agrees with both BSSN resolutions.
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FIG. 6 (color online). Comparison between simulations of the
standard first order in time, second order in space implementa-
tion of BSSN, and a fully first-order reduction for a binary black
hole inspiral system. The top panel shows the amplitude of the
€ =2, m = 2 mode of W, extracted at » = 50 at two resolutions
h for both implementations. The bottom panel shows the differ-
ence between different resolutions.

Throughout the simulations, there is generally a
good agreement between all runs. The lower panel
of Fig. 6 shows the difference in the amplitude
between high- and low-resolution runs for the
BSSN and FOBSSN formulations, indicating that
BSSN may have a smaller relative error.

B. Discontinuous Galerkin

Next, we consider a dG scheme for the spherically
reduced first-order BSSN system (see [51] for a dG im-
plementation of the second-order form of the BSSN equa-
tions). There are some important differences with
FOBSSN in three dimensions, which arise when special-
izing to spherical symmetry. First, the constraint A} = 0 is
exactly satisfied by virtue of the spherically symmetric
restriction. Second, terms proportional to o in Eq. (15f)
are identically zero and so we set o = 0. Finally, spherical
symmetry is no longer associated with the obvious choice
T;k = 0 and ¥ = 1. As a consequence, using the fiducial
covariant derivative will give rise to terms which feature y
and its derivatives. Our approach is to notice the fact that
the covariant divergence D, 3’ only depends on ¥ and use
the constraint ¥y —% =0 to replace D;B8' — D,
throughout the BSSN system (4). Furthermore, we
use I" in place of A", which results in a strongly
hyperbolic spherically reduced BSSN system, explicitly
given by Eq. (10) of [51]. For a complete discussion,
see Ref. [87].

We have discretized the first-order spherically reduced
system with a nodal dG method [88,89]. Similar to a
multidomain pseudospectral collocation method, a dG ap-
proach provides for a multidomain treatment of the ge-
ometry where the numerical solution on each subdomain is
given by a (time-dependent) polynomial of arbitrarily
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high-order degree N. On every subdomain, each compo-
nent of the partial differential equation is required to be
satisfied in a suitable weak (integral) sense, yielding
(N + 1) ordinary differential equations often known as
Galerkin conditions. Adjacent subdomains are coupled in
a stable manner through a suitable numerical flux term
[88]. The resulting scheme is nearly identical to the one
presented in [51] with the notable exception of the absence
of second-order operators. Hence, we use the standard
local Lax-Friedrichs form for the numerical flux [88],
while in the second-order system, to which we will some-
times compare, a penalized central flux provides for a
stable treatment of the second-order operators (see page
13 of Ref. [51] for more details). The integration in time is
implemented using the method of lines with a fourth-order
Runge-Kutta scheme. After each time step, an exponential
filter is applied to the top two-thirds of the modal coeffi-
cients to control alias driven instabilities. Furthermore, in
our dG implementation of both the second- and first-order
BSSN system we have empirically observed that the con-
formal metric coefficients must not be filtered otherwise
the scheme becomes unstable. A perhaps related observa-
tion is that enforcing the constraint y = 7 triggers an
instability at very early times. Neither this constraint nor
the spherically symmetric version of Eq. (13) is enforced in
our dG implementation.

All simulations presented next are for the Schwarzschild
metric in conformal ingoing Kerr-Schild coordinates® [51].
The source terms S, S’;, and S} in the gauge equations (9)

and (10) are chosen so that the numerical solution is time
independent. Typical choices for f, G, 1, and o are used;
in detail: f = 2/a, G = 3/4a~2, n = 50, and terms pro-
portional to ¢ are identically zero. Furthermore, we set’
H = ¢*?/L and choose L = 10 such that the excision
surface is not too close to r = 0, where field gradients
are large. All damping parameters %, «?, x?, and «”
are set to 20. We find that different values of L have
negligible effect on the scheme’s stability, and, in particu-
lar, no dependence on the location of the e* = 2al
surface of weak hyperbolicity [cf. Eq. (23)].

The radial domain [0.4, 50]M is covered by 100 equally
sized subdomains.® We treat the inner boundary by exci-
sion. At the outer physical boundary, we specify the ana-
lytic values for the incoming characteristic modes, which,
for the spherically reduced system considered here, are
given by Eqgs. (17a-1) listed in [51] (Dirichlet conditions).

“In  these coordinates, at least initially, ¥, .
diag(1, 2, r*sin’*#) and so the algebraic constraint is ¥ =7
r*sin?#.

>The dG code evolves the conformal factor y = e *¢.
Nevertheless, we continue to refer to the conformal factor as
¢ in this section.

SThis is far from optimal, since a better choice would be to
have the size of the domains increase with radius. However, it
suffices to make our point about stability and convergence.

PHYSICAL REVIEW D 85, 084004 (2012)

—N =10

10" H---N =12 |
—N = 14/
---N=16

N=18| e
L T S 1

IH]lL2

0 1000 2000 3000
time (M)

FIG. 7 (color online). Discontinuous Galerkin evolutions
of a black hole in spherical symmetry, using excision.
See the text in Sec. IVB for more details. The last two
resolutions have essentially reached double-precision roundoff
errors.
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FIG. 8. Exponential convergence of discontinuous Galerkin
evolutions with polynomial order, see Sec. IVB. The norm
used is the L, one.

Figures 7 and 8 show that the scheme converges exponen-
tially with NV and is able to achieve very long run times. In
an attempt to remove the slow growth in time for any fixed
resolution seen in the Hamiltonian constraint, we varied
our numerical setup including the exponential filter pa-
rameters (the number of filtered modes, the dissipation
exponent, and which variables to filter), the time step, the
B” damping parameter 77, the numerical flux dissipation
parameter, and the auxiliary field damping parameters,
without significant improvements.
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C. Turduckening

Successful numerical evolution of binary black hole
systems requires a suitable treatment of singularities.
There are three distinct techniques used: moving punctures
[2,3], excision, and smoothing via turduckening [56-58].
State-of-the-art second-order BSSN codes avoid the com-
plications of excision, which require horizon tracking. A
moving-puncture technique was used in our finite differ-
ence implementation in Sec. IVA, while the dG code in
Sec. IV C) each relied on excision. It has been shown that
the usual gauge conditions are attractors of the trumpet
solution [90-93] for which there is an incoming character-
istic mode even at the puncture [94]—generically, we
therefore do not expect an excision surface where no
boundary conditions are required to exist. As the majority
of BSSN implementations without excision have been thus
far limited to finite difference methods, one wonders how
other methods might deal with singularities. In this sub-
section, we give a preliminary look at turduckening for the
nodal dG code.

We follow the turduckening technique described in
Ref. [58]. Singular initial data in the interior of the black
hole is replaced with smooth constraint-violating data. The
prescription for such smoothing used here is as follows. If
the computational domain is r € [0, R,,,x/M], we select a
coordinate location r, inside the horizon and make the
replacement r — 7 in the equations for the initial data,
where 7 is rigged to satisfy 7(0) = ry, 7(r;) = r,, and 7 =
r for r > r,. In addition, we require 7 to have a specified
number of continuous derivatives (typically 8), such that
the turduckened and original data match to the specified
degree of smoothness where they are joined. A polynomial
7 with these properties is constructed by solving a system
of linear equations for the polynomial coefficients.

In effect, our prescription stretches the physically cor-
rect (nonsingular) data for the region [ry, r,] over the
turduckened region [0, r,]. This choice of initial data will
naturally be constraint violating. As the constraint system’s
wave speeds (see Sec. IIIC and Ref. [58]) are not super-
luminal, these violations remain “‘trapped” inside the
horizon for all future times. Furthermore, for the second-
order BSSN system, Ref. [58] found that the region of
constraint violation quickly shrinks relative to the numeri-
cal grid. We experimented with turduckening the second-
order dG scheme described in [51], and found that the
region of constraint violation quickly shrinks with this
scheme as well. These simulations used a grid with a larger
outer boundary and staggered domain sizes: 1 subdomain
[0, r, = .4]M comprising the turduckened region with
ro = .1M, 3 subdomains in [.4, 1.5]M, 6 subdomains in
[1.5,10]M, and 12 subdomains in [10, 100]M. Otherwise,
the same numerical settings as in IV B, although here we
use frozen outer boundary conditions on all fields and
gauge source terms chosen so that Egs. (9) and (10) are
initially time independent. Figure 9 shows the scheme is
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FIG. 9 (color online). Evolutions of a black hole in spherical
symmetry using the standard second order in space BSSN
formulation and a dG scheme with turduckening, see
Sec. IV C for details. The norm used is the L, one.

stable and whenever ¢t > M converges towards a time-
independent solution exponentially with N.

Furthermore, the technique is observed to be robust for a
variety of numerical parameter choices and domain de-
compositions. Results from our second-order BSSN dG
code suggest the turduckening technique to be applicable
beyond finite difference schemes. Nevertheless, we have
been largely unsuccessful at achieving robust stability
turducken tests for FOBSSN. A typical evolution lasts on
the order of tens to hundreds of M, although some low-
resolution runs can last into the thousands of M before
crashing.

The presence of extra auxiliary constraints (12a)—(12d)
presents a genuine difference between turduckening a first-
and second-order BSSN system. In the first-order system,
we have two distinct choices for calculating the auxiliary
variables in the turduckened region of the initial data:
calculating the analytic derivatives of the fields at the
turduckened grid points or applying the numerical
derivative operator to the turduckened fields. In the first
case, the auxiliary constraints are violated since the auxil-
iary fields correspond to derivatives of the nonturduckened
fields. In the second case, the auxiliary constraints are
satisfied but the turduckened initial data no longer repre-
sents the physically correct data for [r, r,] stretched over
region [0, r,]. We experimented with both choices and
found that the region of constraint violation is not guaran-
teed to shrink when using the first choice in which the
auxiliary constraints are violated. Figure 10 documents
a typical comparison with turduckening parameters
r, =.3M and ry =.1M. We note that our observations
are influenced, for example, by the source terms S,, S%,
and S%.
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FIG. 10 (color online).

Snapshots of the Hamiltonian constraint for turduckened initial data which satisfies (black line) and violates

(dashed green line) the auxiliary constraint conditions (12a)—(12d) which arise in the first-order reduction. Notice that only in the first
case the constraint violating region ‘‘shrinks” in time, see Sec. IV C for more details. The solid vertical line marks the location of the
event horizon, and the dashed one the location of the outermost radius with purely outgoing modes (where excision could be
performed). The large red asterisks on the horizontal axis mark the location of each subdomain boundary.

V. COMMENTS

The goal of this paper has been a first step toward
combining the robustness and simplicity of evolutions of
the BSSN formulation of Einstein’s equations, most nota-
bly being able to avoid the complications of excision, with
very high accuracy numerical schemes—those being a
multidomain pseudospectral collocation method and a dis-
continuous Galerkin method. Furthermore, any of these
approaches would allow, due to their memory efficiency
and the speedup of graphics processing units, to run binary
black hole simulations on a single graphics processing unit,
thereby avoiding the bottleneck of PCle communication
between CPUs; see, for example, [95].

For this purpose, we derived and analyzed the hyperbol-
icity, characteristic variables, and constraint propagation of
a fully first-order BSSN formulation of the Einstein equa-
tions with optional constraint damping terms, FOBSSN.
Unfortunately, we have not been able to derive a symmetric
hyperbolic formulation, but only a strongly hyperbolic one.
It is known that in more than one spatial dimension, strong
hyperbolicity, even with maximal dissipative boundary
conditions, does not guarantee well-posedness of the
initial-boundary value problem [96]. Yet, in our numerical

experiments we have been able to carry out binary black hole
simulations using our FOBSSN system, finite differences,
and adaptive mesh refinement, without any need for fine-
tuning and no obvious signs of time instability (convergent
errors that grow in time) or numerical instability (errors that
get larger at higher resolutions at any fixed time). Most
notably, the presence of the extra constraints in FOBSSN
seems to cause no problems.

Next, natural steps would be three-dimensional discon-
tinuous Galerkin evolutions of FOBSSN using, for example,
Hedge [97], and implementation of more sophisticated
boundary conditions, such as those of Ref. [61].
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APPENDIX A: THE COVARIANT BSSN SYSTEM

In this Appendix, we sketch the derivation of the cova-
riant BSSN system, Eqs. (4a)—(4e). The derivation follows
from the analysis in Ref. [59] by setting the determinant of
the conformal metric to %, and choosing the trace of A; j to
vanish. For simplicity, we assume that the fiducial fields y
and T;-k are constructed from a time-independent metric
7¥ij- Unlike in the main body of the paper, here we do not
assume that the fiducial metric is flat.

Begin with the evolution equations for the physical
spatial metric and extrinsic curvature,

917 = —2akK;;,

(Ala)
(Alb)
where R;; and D; are the Ricci tensor and covariant de-
rivative for ;;. Now, let 9; = 9, — L5 act on the BSSN
variables ¢ and ¥,;, which are defined in Egs. (1a)~(1d).

The right-hand sides of these equations are written in terms
of BSSN variables by inverting the definitions (1):

(A2a)
(A2b)

Yij = e*? Yij»
K;j = **A;; + 1y, K.
The results are identical to Egs. (4a) and (4b), respectively.

The derivation of the equation of motion (4d) for A,-j
follows the same pattern; apply 9, to A,»j in Eq. (1d), use
the evolution Egs. (Ala) and (Alb), then replace the
physical metric and extrinsic curvature with the BSSN
variables through Eqs. (A2a) and (A2b). In this case, we
must also write the physical Ricci tensor R;; in terms of
conformal variables. Insert the relation

Iy = I +2(85Dp + 6;Djp — YuD'p)  (A3)
for the Christoffel symbols into the definition of the Ricci
tensor. This yields the splitting (5) between the conformal
Ricci tensor Rij and the terms (7) that depend on the
conformal factor ¢.

The derivation of the identity (6) used for the conformal
Ricci tensor is somewhat tedious. Beginning with the
definition

PHYSICAL REVIEW D 85, 084004 (2012)
Ry=o,I%; — o0 + TH T =TT, (A4)

it is straightforward to show that the difference between the
conformal and fiducial Ricci tensors is

ij j ij i Jjk
+ Ark,-jAFlkl - ArkilAFljk. (AS)
One can also show that
AT = 39" Dy + Di¥j — Diyp),  (A6)

and derive the useful relations Bk?ij = 2Af'(l~j)k and

D77 = —2AT"), . With these results, the first two terms
in the difference (A5) become

DALY, — DA,
= —Iy"D,Dy;; + 5(i(Afj)kk) — (D7) (D7)
- %(bk7kl)(515’ij) + (5k7k1)(5(i7~’j)1) - Fij
— 15,0 R " (A7)
With the definition AT = §/*ATY jk» the conformal Ricci

tensor from Eq. (A5) becomes

5 o 1A 4 s AT okl
Rij = =3V "DiDyyi; + Dy A" = ¥ 9,6R "
+ FHAL" AT iy + P QAT (AT )

+ AL, AT, ). (A8)

If the fiducial metric is flat, as assumed in the main body of
the paper, then the fiducial Riemann tensor term on the
right-hand side vanishes. The result (6) is obtained by
replacing AT with the new variable A’ and dropping the
fiducial Riemann tensor.

To obtain the equation of motion (4c) for K, we first
let 9, act on K = yYK;;, using the results (Al). The
right-hand side is simplified by adding —aFH, where
H = K> - K;;K7 + R is the Hamiltonian constraint.
Equation (4c) then follows after using the inverse relations
(A2) to write the result in terms of BSSN variables.

The conformal connection vector is defined in Eq. (3).
To derive the evolution equation (4e) for A, we first let the
operator 9, act on Al = $/%AT"; with A", expressed
as in Eq. (A6). This generates several terms of the form
a1 (D;¥ ). Using the fact that Lie derivatives and partial
derivatives commute [98], one can write these as

01 (D:7j) =Di(d,7,) + 2(£5Fli(j)5’k)l- (A9)
Now, use the identity [99]
LT =D;Dip — R B, (A10)

which is straightforward to verify. The result of this calcu-
lation for 9 | AA'isan expression in which the operator 9 |
acts only on the conformal metric ¥;;. Using the equation
of motion (4b), we find
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9. (AY) = *D;D ' — ¥*R' ;8" — %5,-(%/%’7)

/S I
+ g'ykaF jleﬁl + gD (Dk,[))k) (All)

Next, we add the term 2a M, which is proportional to the
momentum constraint (8b), to obtain

al(Afi) = 5’jkﬁjﬁk,3i - 5’jkﬁi,’k1:3[ + %7jkAfijkﬁ€'3€
+ %ﬁl(bkﬁk) - ZAikaa + ZQAMAf‘ikéz
+ 12aA%0,¢p — 2aD'K. (A12)

Now, use the definition (3) to replace 9 lAf‘i with 9. Al
The result, assuming the fiducial metric is flat so that R il
vanishes, is the equation of motion (4e).

APPENDIX B: FUNDAMENTAL VARIABLES IN
TERMS OF CHARACTERISTIC VARIABLES

The first-order BSSN variables in the gauge block can be
obtained from the characteristic variables using the for-
mulas

PHYSICAL REVIEW D 85, 084004 (2012)

We then apply the relations

(B2a)
(B2b)

— °A
a;=n;a, + Yi &a

_ oA oA oA oB
Bij = Bunttinj + 0¥V Bua T ¥iniBan T Vi Vi Bas

with similar expressions for B3; and B;.
For the nongauge block, the inverse transformation is

- |
= (VAB)+VIEXB))+_7XB+ o4 B(AB)y (B3a)
7%—(&%%& (B3b)
Ay =E(ZA +By), (B3c)
T o T NI APV S
AﬂB:E(VnB + V. )"‘2*0’}’;13 +—e % Bg, (B3d)
%mB:_(V() V( ))‘|‘6’74¢< 2¢B_—a3> (B3e)
o
-
A,=—(z,+B,), (B3f)
H
vl s en K s 2 4
A ==Vp + Vo )+ =Y + 3 PK
n 2( ) S5 TmT3e
1 °
_ ge—4¢ Bs6"B, (B3h)
T = —(Vin) = Vi) +2e 42 (A, —2,). (B3i)

The tensor components A, ; and yy,; are then reconstructed
as

A = Ann(3 nin; = 5yi) + ni’)o’fAnB + 7P Aup

+ ) Y} BAss, (B4a)
B L 3 1 °B ~
Viij = Ve Gning — 3¥i;) + Y j YnnB

+ nknjf/?i/,ms + nk';’?’;’?’?ZAB + 70’?5’/4!'1" (B4b)

B
By =G+ G )~ By, (Bla)
a’G
a |G _
BM=BM+5J;W$*435, (B1b)
(G<a+>+G<a >)+—a (Blc)
a’f
a, = ——a;/}(G(‘”) — Gla)), (B1d)
5 .
_Lgwnigeoy_ < g 4 1
2 &G 3N-f)a
(Ble)
Bun = —Bapd'® + [ (GBH) —GlA)
4H a
+70</\K— al a)] (B1f)
W=y @A
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