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We present a high-order accurate discontinuous Galerkin method for evolving the spherically reduced
Baumgarte-Shapiro-Shibata-Nakamura (BSSN) system expressed in terms of second-order spatial opera-
tors. Our multidomain method achieves global spectral accuracy and longtime stability on short computa-
tional domains. We discuss in detail both our scheme for the BSSN system and its implementation. After a
theoretical and computational verification of the proposed scheme, we conclude with a brief discussion of
issues likely to arise when one considers the full BSSN system.
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L. INTRODUCTION

Breakthroughs in numerical relativity during this decade
have made it possible to simulate, via evolution of the full
three-dimensional Einstein equations, binary black-hole
dynamics through inspiral, merger, and ringdown of the
remnant single black hole [1-15] (see e.g. recent reviews
[16,17]). Inspiraling binaries are among the most promis-
ing sources of gravitational waves for the network of laser
interferometric detectors such as LIGO [18] and VIRGO
[19,20]. Through the construction of templates for matched
filtering, waveforms extracted from numerical-relativity
simulations are expected to facilitate the detection of
genuine gravitational waveforms by interferometric
detectors.

Early attempts to evolve the Einstein equations relied on
the  Arnowitt-Deser-Misner (ADM) decomposition
[21,22]. The resulting ADM system proved only weakly
hyperbolic when expressed in first-order form, a fact partly
accounting for difficulties associated with its numerical
evolution [23,24]. Difficulties in evolving black-hole solu-
tions to the Einstein equations also stem from singularities,
gauge conditions within the computational domain, and
unstable constraint violation. For over ten years, the goal of
accurate and stable numerical integration of the Einstein
equations has continuously spurred the interest of numer-
icists and theorists alike, leading to a wealth of new formal-
isms [25-52] (this list is not exhaustive).

To evolve binary black holes, numerical relativists
currently use one of the following versions of the
Einstein equations: the generalized harmonic (GH)
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system [48,49,51,53] or the Baumgarte-Shapiro-Shibata-
Nakamura (BSSN) system [26,36,50]. Using a finite-
difference approach with adaptive mesh refinement,
Pretorius [1,2,49] used a constraint-suppressing second-
order form of the GH system (suggested by Gundlach
et al. [48]) to evolve a binary through inspiral, merger
and ringdown. Lindblom er al. [51] recast the second-
order GH system into a first-order symmetric-hyperbolic
evolution system with constraint suppression comparable
to that of the second-order system. This first-order GH
system has been used to successfully simulate binary black
holes evolution with nodal spectral (pseudospectral) meth-
ods [14,15,54]. More recently, Ref. [55] has introduced a
new penalty method for nodal spectral evolutions of spa-
tially second-order wave equations. This work provides a
foundation for solution of the second-order GH system via
spectral methods, and has been used to evolve the Kerr
solution [56] and the inspiral of binaries. Typically written
in a spatially second-order form, the BSSN system [36] has
seen widespread use by numerical-relativity groups that
employ finite-difference techniques to evolve binaries.
Reference [57] presented a nodal spectral code to evolve
the BSSN system in second-order form. The system proved
unstable when tested on a single black hole. In more recent
work [58], longer evolutions were obtained through the
adoption of better gauge conditions, filtering methods, and
more distant outer boundaries. The BSSN system has also
been evolved in a first-order strongly hyperbolic formula-
tion for a single black hole with nodal spectral methods
[59]. Such evolutions of a single black hole exhibited
instabilities similar to those reported in Ref. [58].
Corresponding to the two versions of the Einstein equa-
tions discussed in the last paragraph are two distinct tech-
niques for the treatment of singularities in numerical
relativity. Evolutions based on the GH system have used
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black-hole excision, whereby the interior of an apparent
horizon is removed (excised) from the computational do-
main. This technique relies on horizon tracking and gauge
conditions which ensure that inner boundaries of the com-
putational domain are pure outflow, whence no inner
boundary conditions are needed. Evolutions based on the
BSSN system have relied on the moving-punctures tech-
nique [3,4], also coined “natural excision.” Technically
much easier to implement than excision, this technique
features mild central singularities which evolve freely
in the computational domain. Initially these puncture
points may represent either asymptotically flat regions or
“trumpets.” Hannam er al. first discussed cylindrical
asymptotics in moving-puncture evolutions [60,61], see
also [62-66].

Relative to the alternative systems previously dis-
cussed, the BSSN system in second-order form affords
an easier treatment of singularities and features a rela-
tively small number of geometric variables directly
related to the foliation of spacetime into spacelike hyper-
surfaces. However, to date, spectral methods for black-
hole binaries have been successfully implemented only
for the first-order GH system. The binary black-hole
problem is essentially a smooth one (singularities reside
on sets of measure zero censored by horizons), and spec-
tral methods exhibit well-established advantages over
finite-difference methods for longtime simulation of
such problems [67]. Therefore, the development and
analysis of a stable spectral implementation of the full
BSSN system is a worthwhile goal in numerical relativity,
and the motivation behind the pioneering investigations
reported in Refs. [57-59].

In Refs. [50,62], Brown introduced a spherically re-
duced version of the BSSN system as a test bed for trac-
table examination of theoretical and computational issues
involved in solving this system. Indeed, appealing to the
simplicity of this system, he offered geometrical and physi-
cal insights into the nature of the moving-puncture tech-
nique and its finite-difference implementation [62,65,66]
(see also [63,64]). Here, we exploit this system to a similar
end, using it as a simplified setting in which to develop
spectral methods for the stable integration of the BSSN
system. Precisely, we develop and test a nodal discontinu-
ous Galerkin method (dG) [68] for integration of the
spherically reduced BSSN system. While Brown’s chief
focus lay with moving punctures, for further simplicity we
adopt the excision technique. Clearly, the problem we
consider is not as daunting as the one confronted by both
Tichy and Mroue [57-59]. Nevertheless, our method is
robustly stable, and therefore might serve as a stepping
stone toward a stable dG-based formulation for the full
BSSN system. The conclusion offers further comments
toward this end.

Nodal dG schemes are both well suited and well
developed for hyperbolic problems [68]. Although

PHYSICAL REVIEW D 82, 104051 (2010)

mostly used for hyperbolic problems expressed as first-
order systems, dG methods have also been applied to
systems involving second-order spatial operators, typi-
cally via dG interior penalty (IP) methods [69-74].
(References [75-77] discuss the concept of hyperbolicity
[78] in the context of such systems.) Penalty methods of
a different type were exploited in Ref. [55] for the wave
equation written in second-order form. Local discontinu-
ous Galerkin (LDG) schemes, developed initially by Shu
and coworkers [79-81], constitute an alternate approach
for integration of spatially second-order systems. LDG
schemes feature essentially the same auxiliary variables
as those appearing in traditional first-order reductions,
however in LDG schemes such variables are not evolved
and arise only as local variables. The basic difference
between dG-IP and LDG methods is the manner in
which subdomains are coupled. The method we de-
scribed for the spherically reduced BSSN system is
essentially an LDG scheme.

This paper is organized as follows: Section II collects
the relevant equations from Brown’s presentation, and
develops some further notation useful for expressing the
spherically reduced BSSN system in various abstract
forms. Section III presents our nodal dG scheme in detail,
and Sec. IV documents the results of several numerical
simulations testing our scheme. Our conclusion discusses
possible generalization of our method to the full BSSN
system. Several appendices collect further technical
details. In particular, Appendix C considers a simple sys-
tem which models the spherically reduced BSSN system,
giving an analytical proof that the model system is L,
stable in the semidiscrete sense.

II. SPHERICALLY SYMMETRIC (GENERALIZED)
BSSN EQUATIONS

As shown by Brown [50], the BSSN system can be
generalized to allow for a conformal metric without
unit determinant, and this paper focuses on the spherical
reduction of this system, also considered by Brown in
[62]. In fact, this spherical reduction relies on freedom
present in the generalized BSSN system, since spherical-
polar coordinates should not be associated with a unit-
determinant conformal metric. Although we work with
the spherically reduced generalized BSSN system (subject
to Brown’s Lagrangian condition, to be precise), we will
nevertheless describe it as the spherically reduced BSSN
system.

A. Basic variables and spherically reduced system

The conformal-traceless decomposition of the geometry
associated with a spacelike 3-surface is

gab = X_lgab’ Kah = X_I(Aab + %gabK)) (1)
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where g, is the physical 3-metric and K, is the physical
extrinsic curvature tensor. The BSSN variables are the
conformal metric g,;, the conformal factor y, the trace-
free extrinsic curvature A, the trace K = g*’K ;,, and the
conformal connection I'* = —g~1/29,(g'/2g?), where g
is the determinant of the metric. The BSSN system also
includes the lapse «, shift vector B¢, and an auxiliary
vector field B¢ used to define the “I" driver” for the shift.

Following Brown, we adopt a spherically symmetric line
element,

dS2 = —azdl‘z + X_lgrr(dr + Brdt)z + X_1g99(d02
+ sin?0d ¢?),
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I"r
I =1 —cosf/(gggsind) |,
0
1 0 0
Ay =An| 0 —849/(28,) 0 . (3a)
0 0 —g0psin*0/(2g,,)

Subject to the assumption of spherical symmetry, the basic
variables are X, g, &¢o> A, K, I, a, B, B". All
are functions of ¢ and r, and satisfy the following spheri-
cally symmetric (generalized, Lagrangian-form) BSSN
system :

(2
along with the spherically symmetric Ansazz:

d,a = B'a’ —2aK — (9,a), (4a)
3,8 = BB +3B"— (8,8, (4b)
d,B" = B'B" + A0, I'" — B'T") — nB" — (8,B"),, (4¢)

2 r ol 2 r o/ 2
dox = BY +2Kay - BErX _2B8uX _2 gu (4d)
3 38 3800 3
2 4 28,88,
08 = gBrglrr + ggrrﬁrl —2A,a — :;Teaar (d4e)
1 A, 800 800’ E 2
a I r ./ + rr _ rr _ = r/’ 4
1860 3,3 8oo 2, 3., 3800,3 (4f)
A — BrAl + 4, g — B&iAn _ 2B"8hoAr | 20x(&1) _ ax(ghy)?’ _alx'? gg ax — axg,8he
rr rr rr rr
3 385 3840 3¢5, 3% 6y 3 28800
XS X8 agiX'_aghX 2 oX 2 axsh | axsh 2047 | o A
3grr 3800 6grr 6g00 3 3 3 3grr 3g00 8rr
2
_ 28rax (4g)
3800
!/ !/ !/ ! 13,/ 1 3 A2 1
0K = prk’ +X8r% X8 | BX XX | IO L ak?, (4h)
2grr 8rr866 2grr 8rr 2grr 3
A / 2 rl A / 4 Kl 24 / 3A / 4 rl (ol )2 r ol
all—\r — Brr” + rgagm) + ﬁ g00 + rrc;:grr _ (24 _ rzra _ rzra)( + B _ ﬁ (g90)2 :8 grr2
8rr800 3grrgt‘)f1 8rr 3grr 8rr 8rr X 3grr grr(gﬂﬁ) 6(grr)
r ol
+ Peu (4i)
3g00grr

where the prime stands for partial r differentiation.
Equations (4d)—(4i) are Brown’s Egs. (9a-f) listed in
[62], subject to his Lagrangian condition (corresponding
to v = 1 in Brown’s equations). The first three Eqs. (4a)—
(4c) comprise the gauge sector, and these are essentially
spherically symmetric versions of the standard “1 + log”
and “I'-driver” conditions listed in Egs. (1) and (2) of [62].
However, we have introduced the following minor mod-
ifications. First, (9,a), designates a constant term which

[

ensures that the right-hand side of the « evolution Eq. (4a)
vanishes at the initial time. This source term as well as
the analogous terms appearing in the evolution Egs. (4b)
and (4c) for B” and B” are needed to enable a static
evolution of the Schwarzschild solution in Kerr-Schild
coordinates. Second, the parameter A (perhaps with

"For this system the determinant g = g,,(ggs)?sin*é is not
unity.
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functional dependence) modifies the hyperbolicity of the
first-order system [82]. The damping parameter 7 typically
appears in standard versions of these gauge evolution
equations. (See Secs. II C and I'V B for further discussions.)
For this BSSN system, we have three constraints: the
Hamiltonian constraint FH, the momentum constraint
M,, and the constraint G" resulting from the definition
of the conformal connection I'". In spherical symmetry,
these constraints are written as follows:

3A2 2K2 5 12 2 1! 2 2 "
:]-[:— ;r+_ (X)+X+_X_ X80o
2grr 3 2Xgrr 8rr 806 8rr866
2 ! o/ ! 2
X'8o . Xgrrgee X, X&)’ sy
grrg00 grrg(%} 8rr 2grrg00
Al 2K’ 3A 3A,,¢ A,g
Mr — rro_ = rr/\/ + rrgge _ rrzgrr’ (Sb)
8r 3 2X8&» 28800 &
/
G =Sy 8wy p (5¢)

2grr 8rr866

These expressions are the ones listed by Brown in [62].
Equations (4e) and (4f) also ensure that the determinant
factor g/sin*0 = g,.(gpp)* remains fixed throughout an
evolution.

B. Abstract expressions of the system

We define the following vectors built with system
variables:
J

4/\a
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/

‘. 5 p
rr A rr
u=1 8 | v = [gr , 0=\gmw| (©
a I a
lBr lBr/

Introduction of Q might seem unnecessary at this stage, but
proves useful in the construction of our discontinuous
Galerkin scheme. In terms of the vectors u, v, and Q we
further define

. v

Wee = (Q ) (7)
u
W=W.o=1|v
0

Here we have introduced “‘colon notation” [83] to repre-
sent (sub)vectors and (sub)matrices, although we employ
the notation over block rather than individual elements. In
the first-order version of the system (4) the components of
Q are promoted to independent fields, in which case the
corresponding principal part features

AB" AB”

a Br — BrBrl — Q . Ql Ql , (821)
! 3grr 3grr A 6(grr)2 " 3g00grr gon
2 2 ay ay
dA,, = BAL+= 4+ Lagr — 230 — XX 0% 8b
A= B"A, 38X 3 aQ 3)(Qa 32, 20 T 3g, O, (8b)
0.k =K' -0, (8¢)
4aK' 4 B’ B’
91" =pT" - 0t —-0, +——04, (8d)
' 3grr 3grr A 6(grr)2 grr 3g00grr soo
2 28"
00, = B0, +3axk' ~5 X0, —FXo, 2oy, 8
2 4 "
000, =2 B0}, 380y — 2], g B "0l (8D
1 a 2
athﬂﬂ zglgrQ{S’ee g00 A/ 8003 Qg ggﬁf)Q,/Bh (8g)
O 2aK’, (8h)
9,05 = B'Qly +3B7, (8i)

where all lower-order terms on the right-hand side have
been dropped. This sector of principal parts of the first-
order system has the form

al‘WUZQ + A(”)W:,Q =0, (9)

I
where (minus) the explicit form of the 9-by-9 matrix A(u)
is given below in (A1). The first-order version of (4) takes
the nonconservative form

0W+ AW = S(W), ﬂl(u)=<(0)3;<z %5(29)), (10)
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where S(W) is a vector of lower-order terms built with all
components of W. Partition of A(u) = A(u),.g,.o into
blocks corresponding to the v and Q sectors yields

A _ A(”)vv A(”)v
Alw) = (A(M)Qu A(”)QZ ) (h

Using these blocks, we then define the 9-by-9 matrix

and express (4) as

PHYSICAL REVIEW D 82, 104051 (2010)
C. Hyperbolicity and characteristic fields

Although our numerical scheme deals directly with the
second-order spatial operators appearing in (4), we first
consider the hyperbolicity of the corresponding first-order
system (10). The characteristic fields and their speeds are
found by instantaneously “freezing” the fields u in A (u)
to some value u, corresponding to a linearization around a
uniform state. Below we continue to write u for simplicity
with the understanding that u is really the background
solution ug. Of primary interest is the range of u, for which
the system is strongly hyperbolic [75-78].

Appendix A shows that the characteristic fields corre-
sponding to (4) are as follows: (i) all components of u (each
with speed 0), and (ii) the fields

W + AW, = S(W), (13a)
0=u, (13b)
where S(W) = S(W),,.,,.
X = g()(}Qg,, + 2gerg99r (143)
1 1
XZ grrr + — QX 2grr Qgrr g gQgW’ (14b)
8 p 2 1 1
X3 = T ;QX 28, Qgrr - %ngo’ (14¢c)
Da
XE = iJ g 40, (14d)
X
Xf—Fo 4 <28k 4o Tral Q Lo +1y (14e)
5 — + rr — rr — ’
5 \/W X X g 8rr goo 866
+_ 38 a~/Ag,, B8
XFf=-°2"pr+ - - X
O T VA (/- eV Yoo L P PO TSN Yo R
aX grr
— A , 14
t aay -2 T 10 (14f)

with the speeds listed in Table I. To ensure strong hyper-
bolicity we must necessarily require
A>0,

(B)g, —A#0, 2ay—A#0, (15

as shown in Appendix A where further conditions are
also given. When A = 1 the hyperbolicity condition of
Ref. [62] is recovered. In fact, the system could be
recast as symmetric hyperbolic. Indeed, as it involves one
spatial dimension, the relevant symmetrizer can be con-
structed via polar decomposition of the diagonalizing simi-
larity transformation. However, we will not exploit this
possibility.

This system admits an inner excision boundary provided

2 2 A
B = max(W/ g“’(,,/c; X,w/g> (16)

[

holds at the inner boundary. This condition ensures each
characteristic field has a nonpositive speed at the inner
boundary, and therefore the inner boundary is an excision
boundary at which no boundary conditions are needed. The
extra flexibility afforded by the parameter A could be used
to maintain rigorous hyperbolicity by moving the points at
which the conditions in (15) are violated outside of the
computational domain. Furthermore, for A = 1 Eq. (16)
conceivably fails or is only satisfied close to r = 0 where
field gradients are prohibitively large. The troublesome X

gauge mode has a positive speed —B" + /A/g,,. Indeed,
for the conformally flat Kerr-Schild system considered in
Sec. IVB an inner excision boundary is only possible
provided A is small enough.

The transformation (14) can be inverted in order to
express the fundamental fields in terms of the characteristic
fields:
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1A [ (B)? ] Aay _ A _
Br— —- X+ —— (X + X)) - =X+ X)), (17a)
6 &+800 (Br)zgrr —A : 3 grr(za/\/ - A) N ! 38 o o
1 rr — ger —
Ay =0 - X7) — A - X5, (17b)
K= (X4 X)) (17¢)
1 (B")? 1 ay _
[r=— [ ]X +— (X, — X3) + 7(X++X )
6 8rr866 (B ) 8rr T A : 8rr ’ 3 grr(za ) * *
21
~3 g_,(Xé + Xg ) (17d)
1 x T4B) gy — 3)\] X 1 X _
= Al X, +2 X, —- — (X + X))+ (X + X)), 17
s 1 ey ol AR LR oA R TR (R (17€)
2(B")?*g,, — 3A 4 2 1
0, — B &n X+ 38X = 8 Xa 5 AT (X +XT) — 58, (X5 +X7)
6800((B)°8,r — A) 3Qaxy— M)
2
- ggrr(Xg— + X6_)’ (176)
1 (B)? 2 1 1 axgon 1
= - X, — S g0pXo + = 800X3 — 5 =20 (X} + X)) + - goe(XE + X5
Q¢ |:4g,, 1208 g, — /\)] 1T 3800%2 T 5 800X — 3 Gay - )( 4 4) 890( )
1
+ §g¢90(X6+ + Xg), (17g)
=1 + X)), (17h)
BA A @ ,\/ _ 1 [A _ .
Qp = - (X — X))+ =, —X —X). (171)
P 80,8088 — N Qax—N) ) PR
We will refer to this inverse transformation when discus- F,(W) 055
sing outer boundary conditions for our numerical simula- ~ F(W) = F.(W) =AW, = oy )
tions in Sec. IV B. v
o
III. DISCONTINUOUS GALERKIN METHOD Fo fa, (18)
This section describes the nodal discontinuous Sk '
Galerkin method used to numerically solve (4). We adopt fr

a method-of-lines strategy, and here describe the relevant
semidiscrete scheme while leaving the temporal dimen-
sion continuous. To approximate (4), we follow the
general procedure first introduced in Ref. [84]. Our
approach defines local auxiliary variables Q = u/, and
rewrites the spatially second-order system (4) as the first-
order system (13a). Once we use (13b) to eliminate Q
from (13a), we recover the primal Eqs. (4). The auxiliary
variable approach was later generalized and coined the
local discontinuous Galkerin method in Ref. [79]. We
may refer to our particular scheme as an LDG method,
but note that many variations exist in the literature. We
stress that in LDG methods Q is not evolved and is
introduced primarily to assist in the construction of a
stable scheme.

Equations (12) and (13a) imply that the physical flux
function is

Only the evolution equations for B”, A,,, K, and I'" give
rise to nonzero components in F, and we have collected
these nonzero components into a smaller vector f = F,,.
Inspection of (8) determines these components. For
example, from (8c) we find

fx=—BK+ giQa. (19)

A. Local approximation of the system (13)

Our treatment closely follows [85], but with the
equations and notations relevant for this paper. Our com-
putational domain () is the closed r interval [a, b].
We cover ) with kp,y >1 nonoverlapping intervals
D* = [a¥, bk] where a = a', b = bk and b*! = gk
fork =2, -+, kpax-
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On each interval D, we approximate each component of
the system vector W by a local interpolating polynomial of
degree N. For example,

N
Xkt ) = Xt rk)ek(r) (20)

Jj=0

approximates x(z, r). Throughout this section, approxima-
tions are denoted by a subscript & (see [68] for the nota-
tion). For example, W) and f) are approximations of W
and f. Although Q = v/, 0}, and u), are not necessarily the
same. In (20) €§(r) is the jth Lagrange polynomial belong-
ing to D¥,

k

N - .
¢ =TI rrk i @1

T
Ty

i#j "

Evidently, the polynomial yj interpolates y at r;. To define
the nodes rj‘., consider the mapping from the unit interval
[ — 1, 1] to D,

*(u) = a* + %(1 + u)(b* — a"), (22)

and the N + 1 Legendre-Gauss-Lobatto (LGL) nodes u;.
The u; are the roots of the equation

(1 = u?)P\(u) = 0, (23)

where Py(u) is the Nth degree Legendre polynomial, and
the physical nodes are simply rjf = r(u ;). In vector nota-

tion the approximation (20) takes the form
x;, (6, r) = X (0T €4(n), (24)

in terms of the column vectors

XK@ = [x(@ rb), -, x(t, ri)T7, 25)
< (r) = [€i(r), - -+, €& (D]

On each open interval (a¥, b¥) C D* and for each com-
ponent of the equations in (13), we define local residuals
measuring the extent to which our approximations satisfy
the original continuum system. Dropping the subdomain
label k on the polynomials and focusing on the K equation
as a representative example, the local residual correspond-
ing to (4h) is

PHYSICAL REVIEW D 82, 104051 (2010)

~(Re)jy = = 9K+ (BTK) = (X_Qla)h " <%)h

& 2¢7
B (ngWQa> N (QQQX) N (3%%)
8rr866 /h 28, Jn 287 /n

1

Here, for example, the expressions read”

(), -Gt

(B"K")w = BLK), (27)
We similarly construct the remaining eight residuals, e.g.
(R, )y and (Ryr)y, as well as five residuals corresponding
to (13b). For example, one of these remaining five is

(Ro )b = —Qan + a} (28)

Let the kth inner product be defined as

(vl = [ drutrio ) (29)

and consider the expression (€% (Rg)¥)pi. We call the
requirement that this inner product vanish V j the kth
Galerkin condition. For each component of the system
and for each k there is a corresponding Galerkin condition,
in total 9k, (N + 1) equations for (13a) and 5k, (N + 1)
for (13b). Enforcement of the Galerkin conditions on each
D* will not recover a meaningful global solution, since
they provide no mechanism for coupling the local solutions
on the different intervals. Borrowing from the finite volume
toolbox, we achieve coupling through integration by parts
on r and introduction of the numerical flux f* at the inter-
face between subdomains.

In (26) we only need to consider (B"K’), and
(xQ.,/g,)n, as the other terms comprise a component of
the source vector §;,. Using integration by parts, we write

@8k = = [ a @ sk, + B

(30a)
; . bk X !
(ek’ (XQa/grr)h)Dk - —[ak drl:<€§grrhh> Qa,h]
- (%)eﬂgf. (30b)

In these formulas, we have retained the domain index k on
65, while continuing to suppress it on Kj, g,.;, etc.

2At this stage the first expression is generically a polynomial
of degree 2N — 1 and the latter is not a polynomial. The
conventions adopted in Eq. (27) prove useful while working
with the residual. However, later on in Sec. III C, to obtain the
final form (47) of the numerical approximation corresponding to
(26), we will replace nonlinear terms with degree-N
polynomials.
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Moreover, we have suppressed the r dependence in all
terms on the right-hand side. Addition of these formulas
along with the definition fx;, = —(8'K);, + (xQu/8 )1
gives

(H: (B'K'), — (XQla/grr)h)Dk
bk r X / k
_ ] k dr[(«ffﬁh)’Kh - (efgrfh) Qa,h] — Fentil
(31)

In lieu of (31), we will instead work with the replacement
(€5, (B"K ) — (XQ4/ 8 n)pr
bt Xn Y "
=~ [ a @y~ (6 2) 0] - it
(32)

This replacement features a component f% of the numeri-
cal flux rather than a component fx ; of the boundary flux.
The numerical flux is determined by (as yet not chosen)
functions’

ff=rmwsw, (33)

where, for example, W~ is an interior boundary value
[either W(z, aX) or W, (t, b¥)] of the approximation defined
on DX and W' is an exterior boundary value [either
WEL(t, b7 1) or WETL(z, a**1)] of the approximation de-
fined on either D*~! or D*"!. We discuss our choice of
numerical flux in the next subsection. We now employ
additional integration by parts to write the above replace-
ment as

(€5, (B"K")y, — (xOh/ 8 1)
— [11" drq?(,gr[(/ - X_Q/a)h + (fxn — f};){ﬂz’k‘. (34)

Rather than the exact kth Galerkin condition
(€%, (Rx)*)pe = 0, V j for the K component of (13) on
D*, we will instead strive to enforce

(5 (R e = (Fxn = [, Vi, (39)

although our treatment of nonlinear terms will lead to a
slight modification of these equations (we return to this
issue shortly). The other components of (13a) are treated
similarly, as are the components of (13b). Recall that, for
example, Q, = a'. Formally using the same dG method to
solve for Q,, we arrive at the replacement

*In the context of the dG method here, + and — denote
“exterior”” and ““interior,” and have no relation to the * using
to denote the characteristic fields and speeds in Table I. For
characteristic fields and speeds, + and — mean ‘“‘right moving”
and ““left moving”.
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bk . x
(€ (Rg o= [ drth(= 0+ a}) (@~ a1,
(36)

which again features a component «* of the numerical flux.
The auxiliary variables are constructed and used at each
stage of temporal integration. We then have

(€5, (Ro )N)pr = (e — a®)E4|%, Y j  (37)

as the corresponding enforced kth Galerkin condition.

B. Numerical flux

To further complete our dG scheme we must specify
functional forms for the components of the numerical flux
introduced in the previous section. We distinguish between
the physical fluxes (components of f) and the auxiliary
fluxes (components of u) arising from the definition of the
auxiliary variables. These choices are not independent as
the resulting scheme must be stable and consistent. Our
choice follows [86] which considered diffusion problems.
Additional analysis of this flux choice appears in [68,87].

Let us first consider the numerical fluxes corresponding
to the physical fluxes and of the form (33). The numerical
flux vector is a function of the system and auxiliary vari-
ables interior and exterior to a subdomain. A common
choice for f* is

£=r + 3 Tl

(38)
K-component of f*: fx = {{fxnt} + % 1K1,
where, as an example, we have also shown the component
of f* corresponding to the analysis above. Respectively,
the average and jump across the interface are

{ay =30" + 1) [val =n~ v~ +nTv*. (39)

Here 7 is a position dependent penalty parameter (fixed
below) and n~ (n ™) is the local outward pointing normal to
the interior (exterior) subdomain. The role of 7 is to
“penalize” (i.e. yield a negative contribution to the L,
energy norm) jumps across an interface. An appropriate
choice of T will ensure stability, and we now provide some
motivation for the choice (41) of 7 we make below.

Were we treating the fully first-order system (10), the
local Lax-Friedrichs flux would often be a preferred choice
due to its simplicity [68]. In this case, the constant w in the
numerical flux formula F* = {{F,}} + 3w [W,] obeys
o = max|u(Vy F(W))|. Here, F(W) = A(u)W, the no-
tation w(-) indicates the spectral radius of the matrix
within, and the max is taken over interior W~ and exterior
W states. Motivated by (9), we adopt a similar but simpler
prescription, substituting the field gradient

Vi, AW W,.o = Alu) (40)

for Vi, F(W). Precisely, we assume the scaling
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TABLE I. Characteristic speeds. These speeds are the eigen-
values listed in (A2).

Field Speed

X m1 =0

X553 Moz = —B"

x; ui = =TT,
X5 ns = =B = avx/g,
X pe = —B = A/g,

7(b¥) = 7(a**1) = 712 = C - max|u(A(w))|,  (41)

where C = O(1) is a constant chosen for stability. Larger
values of C will result in schemes with better stability
properties, whereas too large a value will impact the
Courant-Friedrichs-Lewy condition. At the interface point
[k+1/2 = Dk 0 D! the vector uy, has two representations:
u~ at b* and u™ at a**'. The max in (41) is taken over the
corresponding two sets of field speeds. More precisely, the
speeds in Table I are computed for both #~ and u*, and
the maximum taken over all resulting speeds. For the
auxiliary variables, a penalized central flux is used The
definition with one representative component is

' = fuplt = 3l

. (42)
a-component of u*: a* = {{a,}} — $[a,],

with similar expressions for the remaining components.

We stress the following point. Since the interior coupling
between subdomains is achieved through the numerical
flux forms (41) and (42), the inverse transformation (17)
expressing the fundamental fields in terms of the character-
istic fields is not required to achieve this coupling. On the
other hand, imposition of physical boundary conditions
may still rely on (17), since this transformation allows
one to fix only incoming characteristic modes.

C. Nodal form of the semidiscrete equations

Let us introduce the kth mass and stiffness matrices,

bk bk
MY, = / " At e, sk = [ " e,

(43)

These matrices belong to D*, and the corresponding ma-
trices defined on the reference interval [ — 1, 1] are

_ I s !
= [ e 5= [ atwe,

(44)

where €;(u) is the jth Lagrange polynomial determined by
the LGL nodes u; on [ — 1, 1]. These matrices are related
by Mj; =3 (b* — a")M;; and S}; = §;;, whence only the
reference matrices require computation and storage.
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We will use the matrices M* and S* in obtaining an
ordinary differential equation system from (26) and (35).
Towards this end, we first approximate the nonlinear terms
(products and quotients) in (26) by degree-N interpolating
polynomials. Such approximations are achieved through
pointwise representations. For example, (Q,0,/g,)n
appears in (26), and is expressed in the following way:
[cf. footnote 2]

(5900 =B
N i Qa,h(tr rf)Q/\/,h(t’ rf)
J=

i=0 grr,h(tJ I"j()

(). (45)

Note that the expressions on the right and left are not
equivalent due to aliasing error [67]. Our vector notation
for this replacement will be

Operations among bold variables are always performed
pointwise. Making similar replacements for all terms in
(26), and then carrying out the integrations in (35), which
bring in M* and S¥, we arrive at

xDQo 1 X0, Q0 _ X24yLa
8rr 2 g%r 8rr800
2
+ 1 QaQ,\/ + § aArr + laKz
2 g,

2
+ MUK (fie g — 10 (47)

2 g 3
where we have again suppressed the superscript k& on all
terms except €%(r), and the subscript 4 is dropped on all
boldfaced variables. As described in [68], the spectral
collocation derivative matrix

rr

9,K = B'DK —

(DY), = d(fj? 48

0= — (48)

can also be expressed as DX = (M*)~1Sk, which appears

above. Eight other semidiscrete evolution equations are

similarly obtained, with nine in total (one for each compo-
nent of W,.,)). Additionally, we have

Q, = Da + M~ a" — a;)|" (49)

as one of the auxiliary equations, with five in total (one for
each component of Q = Wy.j).

D. Filtering

Like other nodal (pseudospectral) methods, our scheme
may suffer from instabilities driven by aliasing error [67].
Filtering is a simple yet robust remedy. To filter a solution
component, such as y, we use the modal (as opposed to
nodal) representation of the solution:
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N N
Xt 1) = x(t, ) = D K @oPi(r,  (50)
=0 =0

where P;(r) is the jth Legendre polynomial. Let n; =
j/N, and define the filter function

1 for 0= n; = N./N
) = _ 2
(n;) exp(—e(’i[,y‘/,i,v) S) for N./N =mn; = 1.
(5D

At each time step we modify our solution component
according to

N
xh = it = 3 o) REOP;(n).  (52)
J=0

Evidently, the modification only affects the top N — N,
modes, and is sufficient to control the type of weak insta-
bility driven by aliasing [68]. The numerical parameters N,
and e are problem dependent. For our simulations, we have
taken € =~ —1og(&emaen) = 36, where &, is machine ac-
curacy in double precision.

E. Model system
To better illustrate the basic properties of our method,
we consider a toy model. Namely, the following spatially
second-order system:
(53a)
(53b)

du=u+av—u’+gtx),
dv=u"+v — (u+v)Wu)?+ v+ ht x),

where a = 1 is constant and g and & are analytic source
terms to be specified. In contrast to (6), here u, v, and Q =
u' are scalars rather than vectors. System (53) admits a
first-order reduction in which u’ is defined as an extra
variable. Since this first-order reduction is strongly hyper-
bolic, the spatially second-order system (53) is also
strongly hyperbolic by one of the definitions considered
in [77]. The characteristic fields X~ and speeds u™ are

Xt =av—u, ut=a—1;
X = .av+u, u” =—(Ja+1).

To construct a local dG scheme for this system, we first
rewrite it as

du=Q+av—u+ gt x), (55a)
ov=0 +v —(u+v)Q*+ v2u>+ hit,x), (55b)
0=u (55¢)

Evidently, f = —(Q + v) is the v component of the physi-
cal flux vector

rmo-(£)-() o
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Note that F has the same structure as (u, v)’. Borrowing
from the presentation for the BSSN system, we write the
analogous semidiscrete scheme on each subdomain D for
the model system:

ou=Q +av—u’+ g1, (57a)
d,v=DQ + Dv — (u + v)Q* + v’u> + h(?)

+ MUK, — I, (57b)
Q = Du + M~ u* — uy)|b. (57¢)

Here, we have suppressed the subinterval label k from all
variables except for the vector €¢ of Lagrange polynomial
values. Moreover, following the guidelines discussed
above, the numerical fluxes are given by

1+./a
2

1
={H+ [vall,  w ={unt} - 3 [unll. (58)
Appendix C analyzes the stability of our scheme, for a
more general numerical flux choice, as applied to (53) with
the nonlinear and source terms dropped.

IV. RESULTS FROM NUMERICAL SIMULATIONS

This section presents results found by numerically solv-
ing both the model system (53) and BSSN system (4) with
the dG scheme presented in Sec. III.

A. Simulations of the model system

The semidiscrete scheme (57) has been integrated with
the classical fourth-order Runge-Kutta method. When in-
tegrating this system, we have first constructed Q at each
Runge-Kutta stage, and then substituted into the evolution
Egs. (57a) and (57b) for u and v. The problem has been
solved on a computational domain [0, 477] comprised of
two subdomains with a time step chosen small enough for
stability. The initial data has been taken from the following
exact solution to (53):

Wlyae(t,3) = Ysin(x — w0) = sinx — p 0} (59)

vexact(tr X) = Z\I/E[Sin(x - M_t) + Sin(-x - M+l)], (59b)
81, %) = Uaer (59¢)
2 2 (594d)

h(t) 'x) = (”exact + Uexact)(uéxact)z - UBXHC[uBXHC[’

where the speeds p™ are found in (54). Specification of the
boundary condition at a physical endpoint amounts to
choosing the external state for at the endpoint. We have
considered two possibilities: (i) the analytic state
(0", v") = (Qexactr Vexaet) and (ii) an upwind state. For
example, at x = 47 the upwind state is*

“We remind the reader that, unfortunately, the = on X* means
something different than the = indicating exterior/interior dG
states [cf. footnote 3].
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[Aullo

= O W
1)
T

0 500 1000 1500 2000 2500 3000 3500 4000
t

FIG. 1 (color online). Spectral convergence of fields for model
partial differential equation. Respectively, for N = 3, 6,9, 12, a
time step of Az = 0.0578, 0.0178, 0.0084, 0.0049 has been
chosen for stability and accuracy. In the title headings, for
example’ Au = Unumer — Uexact-

1
Q+ = Qupwind = 5[(X_)exact - (X+)numer]r

1 -
vt = Vupwind = m[(x )exact + (X+)numer]'

(60)

Either choice of (Q", v™) leads to similar results, and the
plots here correspond to the analytic state. Figure 1 clearly
shows spectral convergence with increasing polynomial
order N across all fields for the case a = 2. Other values
of a, including a = 1 for which X™ is a static characteristic
field, have also been considered with similar results.
Appendix C demonstrates that our proposed scheme for
the system (57) with nonlinear and source terms dropped is
stable in a semidiscrete sense. Nevertheless, the fully dis-
crete scheme, obtained via temporal discretization by the
fourth-order Runge-Kutta method, is still subject to the

8 16 32 64 128
N

FIG. 2 (color online). Scaling of maximum stable Ar with N
for model partial differential equation.

PHYSICAL REVIEW D 82, 104051 (2010)

standard absolute stability requirement. Namely, if u, is
any eigenvalue corresponding to the (linearized) discrete
spatial operator, then a necessary condition for stability is
that w, At lies in absolute stability region for Runge-Kutta
4. We here show empirically that the associated time step
restriction scales like N2, i.e. At = O(N~?) for stability.
We note that such scaling is welcome in light of the
second-order spatial operators which appear in the system,
and suggest a possible worse scaling like N~*. Figure 2
plots the maximum stable time step for a range of N,
demonstrating the N2 scaling, in line with behavior
known from analysis of first-order systems [68]. This
scaling also holds for the BSSN system.

B. Simulations of the BSSN system

This subsection documents results for simulations of the
unit-mass-parameter (M = 1) Schwarzschild solution (B9)
expressed in terms of ingoing Kerr-Schild coordinates.
Since the solution is stationary, temporal integration of
the semidiscrete scheme has been carried out with the
forward Euler method which the dissipation in our method
allows. The r-coordinate domain [0.4, 3.4] has been split
into 3 equally spaced subdomains, and we have set n = 10,
A =0.1,and C = 2 [cf. Eq. (41)]. For all simulations At has
been chosen for stability. With the chosen A, the inner
physical boundary r.;, = 0.4 is an excision surface. At
each time step we have applied an (order 2s = 20) expo-
nential filter on the top two-thirds of the modal coefficient
set for all fields except for g, and ggg. For stability, we have
empirically observed that g, and g4e must not be filtered.
A detailed understanding of this is still lacking.

Issues related to physical boundary conditions are similar
to the one encountered in Sec. IVA for the model problem.
Similar to before, we have retained Eqs. (38) and (42) as the
choice of numerical flux even at the endpoints. Therefore, at
an endpoint the specification of the boundary condition
amounts to the choice W' of external state. We have
typically chosen the inner boundary of the radial domain
as an excision boundary, and in this case W' = W™ is
enforced at the inner physical boundary. At the outer physi-
cal boundary, for W* we have again considered two
choices: (1) Weyaer and (i) Wypying- To enforce choice (ii)
the inverse transformation (17) must be used with incoming
characteristic fields fixed to their exact values, similar to
(60). We have tried various versions of choice (ii), and in all
cases the resulting simulations have been unstable. We
therefore present results corresponding to choice (i).
Although the choice of an analytical external state Wy,
at the outer boundary is stable for our problem, such a
boundary condition is unlikely to generalize to more com-
plicated scenarios involving dynamical fields. Indeed, the
issue of outer boundary conditions for the BSSN system is
an active area of research, with a proper treatment requiring
fixation of incoming radiation, control of the constraints, and
specification of gauge (see Ref. [88] for a recent analysis).
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t
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FIG. 3 (color online). Spectral convergence of constraint vio-
lations for M = 1 Kerr-Schild initial data. Respectively, for
N =11, 14, 17, 19, a time step of Az=0.0041, 0.0026,
0.0018, 0.0013 has been chosen for stability and accuracy.

For BSSN simulations, our main diagnostic is to monitor
the Hamiltonian, momentum, and conformal connection
constraints. Figure 3 depicts longtime histories of constraint
violations, whereas Figs. 4 and 5 depict longtime error
histories for the individual BSSN field components. From
the middle plot in Fig. 5, we infer that, up to the indicated
numerical error, the factor g/sin*0 = g,,(gys)* remains at
its initial fixed profile r* throughout the evolution. These
figures indicate that the proposed scheme is stable for long
times, and exhibits spectral converge with increased poly-
nomial order N. Similar results are recovered from M = 0

1A Al
. . . . . . . . ——
10 b -=-N = 14H
~ ==N=17
o RS LR N = 204
L S S
[AK o
5
L
107 e m e m e m e e e e e e e
L
max(||AB"||oo, [Al"[|oo)
107 e ]
10’7 [T T e |
10_9 L 1 1 1 1 ]
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t

FIG. 4 (color online). Spectral convergence of solution for
M = 1 Kerr-Schild initial data. Time step choices are described
in the caption for Fig. 3. In the title headings, for example,
AArr = (Arr)numer - (Arr)exact'
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FIG. 5 (color online). Spectral convergence of solution viola-
tions for M = 1 Kerr-Schild initial data. See the caption of Fig. 4
for details.

Minkowski initial data. The stability documented in these
plots does not appear to rely on inordinate parameter tuning.
For example, with the fixed parameters described above, we
obtain similar plots if we individually vary (i) r;, over
{0.325, 0.35, 0.4, 0.475} (values still corresponding to an
excision surface for the given choice of A), (ii) n over {1, 3,
7, 10}, (ii1) s over {8, 9, 10}. With the polynomial order N
ranging over {23, 26, 29, 31}, both stability and qualita-
tively similar exponential convergence is achieved with a
single subdomain. Likewise, adoption of a larger coordinate
domain with more subdomains does not significantly impact
our results. However, for much larger r,, stability requires
a smaller time step or a time stepper better suited for wave
problems (e.g. Runge-Kutta 4). Finally, we have considered
the addition of random noise to all field components at the
initial time. Precisely, with the system component y as an
example, we have set

x (0) = x(0) + 6x(0), (61)

where each component (nodal value) of §x(0) is 107> times
a random variable drawn from a standard normal distribu-
tion. Such perturbed initial data also gives rise to stable
evolutions.

V. CONCLUSION

We have introduced a discontinuous Galerkin method
for solving the spherically reduced BSSN system with
second-order spatial operators. Our scheme shares similar-
ities with other discontinuous Galerkin methods that use
local auxiliary variables to handle high-order spatial de-
rivatives [68,79-81,84,86,87], and which have typically
been applied to either elliptic, parabolic, or mixed type
problems. The key ingredient of a stable dG scheme is an
appropriate choice of numerical flux, and our particular
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choice has been motivated by the analysis presented in
Appendix C. When used to evolve the Schwarzschild
solution in Kerr-Schild coordinates, our numerical imple-
mentation of the BSSN system (4) is robustly stable and
converges to the analytic solution exponentially with in-
creased polynomial order. By approximating the spatially
second-order form of the BSSN system, we have not
introduced extra fields which are evolved. Evolved auxil-
iary fields result in new constraints which may spoil
stability. Our main goal has been stable evolution of the
spherically reduced BSSN system as a first step towards
understanding how a discontinuous Galerkin method might
be applied to the full BSSN system. Towards that goal, we
now discuss treatment of singularities and generalization
of the described dG method to higher space dimension.
To deal with the fixed Schwarzschild singularity, we have
used excision which is easy in the context of the spherically
reduced BSSN system. However, excision for the binary
black-hole problem in full general relativity requires atten-
tion to the technical challenge of horizon tracking. State-of-
the-art BSSN codes avoid such complication, relying instead
on the moving-puncture technique. While the moving-
puncture technique does involve mild central singularities,
it may still prove amenable to spectral methods. Indeed,
spectral methods for nonsmooth problems are well devel-
oped in both theory and for complex applications. Since the
moving-puncture technique can be performed in spherical
symmetry [62], a first step toward a spectral moving-
puncture code would be to implement a moving puncture
with the nodal dG method described here. Such an imple-
mentation may adopt Legendre-Gauss-Radau nodes on the
innermost subdomain, thereby ensuring that the physical
singularity does not lie on a nodal point (in much the same
way finite-difference codes use a staggered grid). Beyond
traditional excision and moving punctures, one might con-
struct smooth initial data via the turducken approach to
singularities. However, in combination with 1 + log slicing
and the Gamma-driver shift condition, turduckened initial
data will evolve towards a “trumpet” geometry [89,90].

(B 0 e 0 0

F B’ W 0 B 0 %gr,a)( %a
Ay 0 0 B 0 0

ﬁ 0 0 - g 0

| O [=1 0 0 Zay 0 B’
gé’rr 0 —2a 0 0 0
o 0 0 0

L Q,gr J 0 —2« 0 0

| 3 0 0 0
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Discontinuous Galerkin methods for hyperbolic prob-
lems in two and three space dimensions are well devel-
oped. A generalization of the method described here to
three dimensions and the full BSSN system would likely
rely on an unstructured mesh. Appropriate local polyno-
mial expansions for the subelements are well understood,
as are choices for the numerical fluxes which would now
live on two-dimensional faces rather than single points.
Whether or not it would ultimately prove successful, gen-
eralization of our dG method to a higher dimension would
rely on an established conceptual framework. Further com-
putational advances of relevance to a generalization of our
dG method to the full BSSN system (possibly including
matter) may include mesh A p adaptivity, local time step-
ping, shock capturing and slope limiting techniques [68].
Moreover, recent work [91] indicates that enhanced per-
formance would be expected were our scheme imple-
mented on graphics processor units.

ACKNOWLEDGMENTS

We thank N. Taylor for discussions about treating
second-order operators with spectral methods, B. Stamm
for helping polish up a few parts of Appendix C, K.
Shahbazi for discussions on LDG and IP methods. We
also acknowledge helpful conversations with D. Brown
and M. Tiglio about the BSSN system and previous work
on its numerical implementation. We gratefully acknowl-
edge funding through Grant No. DMS 0554377 and
DARPA/AFOSR Grant No. FA9550-05-1-0108 to Brown
University and NSF Grant No. PHY 0855678 to the
University of New Mexico.

APPENDIX A: HYPERBOLICITY OF
THE FIRST-ORDER SYSTEM.

This appendix analyzes the matrix A (u) appearing in
(10) in order to construct the characteristic fields (14). In
matrix form the sector (8) of the principal part of (10) reads
as follows:

AB" AB" 0 40 7
6(2,)° 38008 38,
_ ax ax _2 — —_
m 3806 §X O Br /
0 0 —-L 0 Arr
o o Sr \ K
6(g.,)’ 38608 0 3, T
, 25"
N i)( N 3/;); 0 —3x QQX , (AD)
—2 08" rr
B —EE 0 g, o
r 66
- % 387 0 —3g Ou
0 0 B" 0 | Op
0 0 0 B
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which defines the matrix A(u) appearing in (9), and so also
the matrix A () in (10). Note that in the last equation the
matrix within the square brackets is —A(u). For certain
configurations of u and A, the system (10) is strongly
hyperbolic [78], that is A (u) has a complete set of eigen-
vectors and real eigenvalues. Indeed, five eigenpairs of
A (u) are trivially recovered upon inspection of A (u)’s
leading 5 X 5 diagonal block. These correspond to eigen-
value 0 and the left eigenspace {¢; = e]:1 = j =35},
where ¢; are the canonical basis vectors. Since each com-
ponent of u arises as ejTW, each is also a characteristic
field.

The remaining nine eigenpairs are determined by A(u).
The eigenvalues of A(u) are

2ax
u1 =0 p3=-p, pup=-p=* o
+ , X + , A
ps = B e g = B E
grr grr
(A2)
and the corresponding left eigenvectors are
x1=1(0,0,0,0,0, g44,2g,-0,0), (A3a)
2 1 1
x2 = (O) OJ Oy grr; T P OJ O)) (A3b)
X 28 8o
2 1 1
-x3 = (&) 0’ Oy 01 T [ 0) O)) (A3C)
A X 28 8o
2
X = (0, 0, +4-28".0,0,0,0, 1,0), (A3d)
X
. 3 - 1 11
xt= (0, T L+ 8o 21 T, o), (A3e)
8rr X X X 8rr 8060
3 A "
xé—:(__&«'o’i a grr )O«'O)_ B_ )
4 A Qax—2) 8(B"8 +\/Agr

B8 ay (grr)
- — , , B4 ) (A3D)
4g€0(ﬁrgrr + )‘grr) (2(1/\/ - )\) A

where for example x¥A(u) = pIxI. Assuming that g,,,
Zs9> X> and « are everywhere strictly positive, the eigen-
values are real and the eigenvectors are linearly indepen-
dent provided that (15) holds. These eigenvectors are easily
extended to eigenvectors of A(u), e.g. as x; —
(01xs, x7 ). Then, for example, the characteristic field

Xg = O1xs, X)W = x5 W, (Ad)
and similarly Xj- = x7 W,.o for j = 4,5 and X; = x,W,¢
for k = 1, 2, 3. The characteristic speeds for these fields are
My and ,uf With this convention the speeds listed in
Table I correspond to the X, and in in (14).
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APPENDIX B: SCHWARZSCHILD SOLUTION IN
CONFORMAL KERR-SCHILD COORDINATES

In Kerr-Schild coordinates, here the system directly
related to incoming Eddington-Finkelstein null coordi-
nates, the line element for the Schwarzschild solution reads

ds®> = —a?dt* + (1 + 2M/R)(dR + BRdt)* + R*d#H?

+ R2sin’0d ¢?, (B1)
where R is the area radius, @ = (1 + 2M/R)~'/2 is the
lapse, and BR = 2M /(R + 2M) is the shift vector. The
physical spatial metric g, is the spatial part of this line
element.

To define the corresponding solution to the BSSN sys-
tem, we use equation g,, = Y&, to define the following
relationship between line elements:

dr’ + r’(d6* + sin*0d ¢p?)

= x[(1 + 2M/R)dR?> + R*d#* + R’*sin’0d¢p*], (B2)
so that
2M\ (dR\?2
1+—J)—) =1 R = 2. B
(1 e
Then we have
2M\1/2dR d
(1+%) F=F (B4)
R R r
with integration yielding
R 2M\2 Yy
r = Z(l +4/1 + T) 62_2 1+2M/R, (BS)

where the constant of integration has been chosen so that
the R, r — oo limits are consistent. The second relation in
(B3) shows that

X = i(l +.1+ 2_M>4e4—4«/1+2M/R’

16 R
2o \1+2M/R~1

1+ JTT2M/R

The extrinsic curvature tensor is specified by the expres-
sion for K given in (B9h), the identity K = K& + 2K, and

—4

X (B6)

2MN\-1/22M
Ky = (1 = ) - (B7)
Since KR = K, we compute that
2MN\-1/2( R+ M \2M
K/ =K—2K)= —(1 +—) (—)—2 (BS)
R R+2M) R

Next, since K,, = g, K. = x 'KI, we have K. = A,, +
1g,,K. This implies A,, = K] — 1K, from which we get
(B9g). In all we have
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Y
a= (1 + 2—M) , (B9a)
R
dr 2MN\-1/22M
r— pR>" _ 1/2 1+ _) - B
=gt =x(1e20) TR @)
gr =1 (B9¢)
8os = r* = xR, (B9d)
1 2M\4
x= —(1 441+ —) A WITME (BOe)
16 R
B" =0, (B9f)
A = _(1 2M)*1/2 aM <2R + 3M) (BY)
" R 3RZ\R +2M ) g
2M\—3/2 M\ 2M
K= (1 +—) (1 +3—)—2, (BOh)
R R /)R
2 2 .

To differentiate these expressions with respect to r, we use
dR

the identity
2M\-1/2
— X’1/2(1 + —)
dr R

along with the chain rule.

(B10)

APPENDIX C: STABILITY OF
THE MODEL SYSTEM

The following stability analysis for the model system
(53) has been inspired by [80,81]. After dropping all non-
linear source terms, the system (53) becomes

d,u=u"+ av,

dv=u"+v.

(Cla)
(Clb)
This section analyzes the stability of (C1), considering
both the continuum system itself as well as its semidiscrete
dG approximation. The latter analysis offers some insight

into the empirically observed stability of our dG scheme
for the spherically reduced BSSN equations.

1. Analysis for a single interval

Throughout we work with the L, inner product and

norm,
Ifllo = /(> No

where D is the spatial coordinate interval (here D may
represent a subdomain D* or the whole domain (), and we

(f, 8)o = fD fs €2)

VG [ (Jav — u')?ld

PHYSICAL REVIEW D 82, 104051 (2010)

have suppressed all integration measures. For the contin-
uum model we will establish the following estimate:

' (T, B + allu(T, IR
= (D)l (0, I + allv(©, )lIz),  (C3)

where the time-dependent constant C(T) is determined
solely by the choice of boundary conditions. To show
(C3), we first change variables with © = /av, thereby
rewriting (C1) in the following symmetric form:

ou=u+ Jav, (C4a)

9,0 = Jau" + 7. (C4b)
Equations (C4a) and (C4b) then imply
1
_at/ (u/)zzf u’(u”-i-\/aﬁ’)
2 Jo D

1
=/ \/Eu’ﬁ’+—/ u')?, (C5a)
D 2 Jap

1 AN2 roY 11 A~/
5a,fD(u) —/Dv(ﬁu 4 o)
=— f \/Zu’f/+1 [ (92 4+ 2+/au'D). (C5b)
D 2 JaD

Here 99’ and u'u” have been expressed as exact derivatives
and then integrated to boundary terms, the second equation
employs an extra integration by parts, and with only one
space dimension [, denotes a difference of endpoint
evaluations. Addition of Egs. (C5a) and (C5b) gives

(Co)
Substitutions with the identities
[62 + W)?] = (o + > + (& — u)?]
2u'd = %[(ﬁ +u')? — (0 — u')?] (C7)

and replacements to recover the original variable v =

5/ yield
%BZ[D[avz + )] = # /;)D(\/c—w + u')?

1_\/5 2
+ 2 /aD(\/Ev u')?. (C8)

From (C8) we deduce that the time-dependent constant
C(T) in (C3) must satisfy

|4 SR fipaw + wy +
ll'(0, I + allv(©, )II?

= (7). (C9)
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For periodic boundary conditions, we may choose
C(T) = 1. Moreover, if a = 1 and u’ = —./av is specified
at 9D, then ||/ (¢, -)|I> + allv(z, )||* decays.

Still working on a single interval (subdomain), we now
consider the semidiscrete scheme for (C4), i. e. (57) with
all nonlinear source terms dropped, and with v replaced by
©/+/a. Derivation of a formula analogous to (C8) is our
first step toward establishing L, stability of the semidis-
crete scheme. While (57) features vectors, for example
u(r), taking values at the LGL nodal points, here we
work with the numerical solution as a polynomial, for
example u,(f, x). These two representations are related
by the Lagrange interpolating polynomials for the nodal
set, here taken to span both the space of test functions and
the space of basis functions. Our scheme is

[ o= [ w0, +as)
,/Dk £0,0, = — /Dk E'(aQy, + 0;) + /aDk E(JaQr + o),

(C10b)
=3 / *_
[Dk 4 [Dk puy + faDk @(u” = up),

where ¢/, £, and ¢ are polynomial test functions. These test
functions are arbitrary, except that they must be degree-N
polynomials. In (C10) the variables uy,, U, and Q;, should
also carry a superscript k, but we have suppressed this.
Derivation of a formula analogous to (C8) is complicated
by the fact that Q) is not evolved. Nevertheless, at a given
instant # we can assemble Q from (C10c).

Mimicking the calculation (C5b) from the continuum
case, we first use (C10b) with & = ¥, to write

(C10a)

(C10c)

= - [ Wag, + o9, + [ (Jag* + 0,
Dk aDI\
1
= —f aQ, ), + 5 f [2(aQ* + 9*)b), — 93]
Dk 9Dk

2
(C11)
The right-hand side of (C5a) is analogous to
1
N R I C12)
2 D* D*

However, since Qj, is not evolved, the term 9,0Q; must be
given a suitable interpretation. On the right-hand side of
(C10c) only uy, u), and u* necessarily depend on time,
since the test function ¢ need not be time dependent.
Furthermore, u™ is explicitly given as a linear combination
of uy, as seen in Eq. (C21c) below. Choosing ¢ = €,
taking the time derivative of (C10c), and appealing to the
commutivity of mixed partial derivatives, we therefore
arrive at

PHYSICAL REVIEW D 82, 104051 (2010)

[ taen= [ Gomy+ [ ¢ o)
(C13)

where (9,u)* depends on 9,u, in precisely the same way
that u* depends on u;,. We have written €; rather than ¢ in
the last equation to emphasize that the result also holds for
any linear combination of €; (for example ¢), and even for
time-dependent combinations. Since (), is itself such a
combination, we obtain

1 2
0 ),
— j 04(8uy) + j (0,0)" = 3,u,) Qs
Dk aD*

= [D" 0,(0), + at)) + [aDk((a,u)* — 0,uy) Oy

o :
= [ Va0, + 5 [ (0 - oungs + 031
(C14)

Addition of (C11) and (C14) gives

1 . 1 R e o n
sou [ (@ oh =3 [ 10; -0+ 200 + )0,
+2(00,u)" — 0,u;,) 01l (C15)

the aforementioned analog of (C8). This formula holds on
a single subdomain D¥, and we now combine multiple
copies of it, one for each value of k.

2. Analysis for multiple intervals

To facilitate combination of (C15) over all k, we change
notation. At every subdomain interface [F*1/2 =
aD* N aD**1, let the superscripts L and R denote field
values, respectively, taken from the left and right. Then
the fields evaluated at 1¥*1/2 which belong to D¥ will be
“I/S+1/2’ ﬁ£+1/2’ and Q£+1/2’ while those belonging to D¥*!
will be ufﬂ/z, 9f+1/2’ and Qfﬂ/z. However, at 1¥~1/2 the
values taken from D are uf_| pe R /s and or | /- Note
that we have also replaced the subscript &, denoting a
numerical solution, with k * 1/2, denoting the location
of the endpoint value of the numerical solution. With this
notation, we define

A% = H(QL? ~ (9571 + (Jag;, + .)0%

+ [(9ua)" — 0,uz]05, (C16)
and similarly for AR, The same numerical fluxes appear in
both AL and AR (i.e. each numerical flux takes the same
value on either side of an interface), whence fluxes like Q7
do not carry an L or R superscript. In terms of these
definitions (C15) becomes
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[(Qz ;) = A k+1/2

Summation over all D¥ yields

Sa, Z[ (3 + 2)

:Z (A

k=1

AR 12 (C17)

AR L _ AR
k+1/2 k+1/2)+AkmﬂX+1/2 A1/2

Kinax —

1
= z (AI}; _
k=1

We have reverted to A notation denoting the numerical
solution, since the L, R superscripts indicate unambigu-

A§)||k+1/2 + AL

kpan +1/2 A11e/2‘ (C18)

ously the relevant domain used for evaluation at [¥*1/2,
We again seek an estimate of the form
z<||Qh<T M2, + allvy (7, )I2,)
= C(T) Z(IlQh(O WM + allvy 0, )IZ),  (C19)

that is essentially the same as the one (C3) considered in
the continuum case. Assume that the chosen boundary

conditions ensure A Ko 4172 Af/z is bounded by a time-

dependent constant which does not depend on the numeri-
cal parameters N and & (subdomain width). Establishment
of stability then amounts to showing that the remaining
sum over interface terms in (C18) is nonpositive; whence
this remaining sum is consistent with C(T) =< 1, although
the boundary conditions may give rise to a different bound.
In fact, we will choose the numerical fluxes such that each
individual interface term is nonpositive. At interface [¥*1/2
and in L, R notation, the jump and average of ¥, for
example, are

Lot +07) = ol = Yok, + 95, (C200)
n 9 +ntot =9, = ﬁlk‘ﬂ/z - ﬁf+1/2‘ (C20b)
Consider numerical fluxes of the form
T
0" = ol -1l (C21a)
Ak A TU A
v ={0,}} — 5 (D4l (C21b)
TLt
u' = {{Mh}} - ? s, (C2Ic¢)
* TM
(0,u)" = {o,u,}} — 5 [0, (C21d)

where (C2Ic) induces (C21d) and where the penalty
parameters 7,, 7,, and To are real numbers. The fluxes
defined in (58) correspond to 7, = 1, 7, = 1 + \/a, and
7o = 0. In terms of these quantities the kth interface
contribution in (C18) is

PHYSICAL REVIEW D 82, 104051 (2010)
1
(Af = Al =5 (1G] ~ [930) + (o)} [94]
= 2 [oa]? + VatiQ ol

_ arg
2

10,1 [D4]] — {{ Qs 19,1l

= 2l 14, (C22)
where we have suppressed the k dependence of the right-
hand side. Now consider the term [[d,u,]]. Because 9,u,,
and Qj, + \fa?d, are both polynomials of degree N,
Eq. (C10a) implies the vector equation d,u = Q + \/ad,
that is pointwise equivalence on the nodal points of D,
which in turn implies [[0,u,]] = [Q), + /a?,]]. Upon sub-
stituting this identity into the last equation, we arrive at an
expression which features only 9, and Q,,

(A = Al = 5 (103 — 1970 + {010, )

= 2 o4l + Vati@ ol
- Y0 10,115,

— {1} IO + Vai,]
= 2H0Qs + Vanyl 1Q4].

The identities {{9,}}[0,] = 5 [97] and [Q), + Va?d,] =
10,4 + Ja[?,] then simplify (C23) to

(C23)

(A~ A = = 2 o2~ YT 1o g
AR (€24

The role of a penalty parameter is now clear. Positive
values of 7, penalize jumps in ¥, through a negative
contribution to the energy. Likewise, positive values of

1 1

0.5 0.5
g o 0
-05 -0.5

-1 0 1 -1
Ty

FIG. 6. Stable evolutions for the model system. For fixed 7, =
107° and 7, =1 + V2 respectively, the left and right plots
depict stable choices (determined empirically) of 7, and 7o
for the linear model system (C1). The stable regions are colored
black, but the jagged edges result from the discretization of the
(7, 7o) plane.
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7, penalize jumps in Q,, through a negative contribution to
the energy. However, because the sign of [Q,]] [0,]] can be
positive or negative, only the choice 7o, = —7, yields an
expression for (AL — AR)| .1, which is manifestly nega-
tive for 7, =0 and 7, = 0. A simple estimate based on
Young’s inequality with & (that is, 2a8 < ¢~ 'a? + £f82,
where @, B =0 and & > 0) shows that for 7, = 0 the
choice 7, = ar,/4 also yields stability.

Figure 6 depicts certain choices of stable penalty pa-
rameters for the linear model system evolved to fg,,; =
1000 (with a =2, N = 10, and Ar=0.0553), as deter-
mined empirically with simulations similar to those de-
scribed in Sec. IVA. The left plot corresponds to a small
7, = 107, for which the choice 7, =1, 75 = 0 is not
stable, as expected from the theoretical analysis. However,
the right plot corresponds to 7, = 1 + \/a, for which 7, =
I, 7o = 0 is stable. Motivated by the numerical flux
choices (38) and (42) used for the BSSN system (4), we

PHYSICAL REVIEW D 82, 104051 (2010)

have (as mentioned above) set 7, = 1, 7, = 1 + \/a, and
7o = 0 in simulations of the nonlinear model (53). For the
nonlinear model system (53), the theoretically motivated
choice 7y = —7, also yields numerically stable evolutions
when 7, =0 and 7, = 0.

For the nonlinear systems (4) and (53), we do not
attempt a formal stability proof. Nevertheless, the results
of this appendix have served as a guide for our choices of
penalty parameters. For the BSSN system (4), u, v, and Q
are block indices [cf. Eq. (6)]. Similar to the model prob-
lem, we have penalized Q with 7, = 1, with 7, chosen
large enough to heuristically overcome the cross terms of
indefinite size that arise from 7, = 0 (we interpret equa-
tions like 7, = 1 componentwise). An analogous choice
“79 = —1,” for the BSSN system might be possible, but
would be considerably more complicated. Indeed, such a
choice likely entails a matrix of penalty parameters, but we
do not give the details here.
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